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Abstract  
Several experiments were conducted to further develop capacitance sensor-
based automated irrigation systems.  The first experiment tested whether the 
photosynthetic response to decreasing volumetric water content (VWC) differed among 
four species tested.  A sigmoidal curve best described the relationship for all species (r2 
[r-squared]>0.86).  The VWC that maintained maximum photosynthesis at 90% was 
selected as a potential conservative irrigation set point and values were not different 
between species, nor were 100% container capacity values.  This indicates that a single 
set point is adequate to initiate irrigation and that a common upper threshold for VWC 
can be used for this group of taxa.  This research also examined which of five sensor 
placements best estimates VWC and the effect of low VWC on sensor reading variability.  
Five sensor placements were tested; three sensors were horizontally inserted into the 
sidewall at 5 cm, 10 cm and 15 cm from the base of the container.  The other two 
placements, vertical and diagonal, were inserted into the substrate surface.  All 
positions showed a strong linear relationship (r2[r-squared]>0.92) making them all 
appropriate models of container substrate moisture.  No placement proved better than 
the others, but choosing a vertical placement is most practical for sensor calibration, 
installation, and removal.  Other trials were conducted to test two container nursery 
irrigation regimes on oakleaf hydrangea (Hydrangea quercifolia ‘Alice’) in both nursery 
and greenhouse environments.  Plants were automatically irrigated by one of two 
substrate moisture sensor-based regimes: 1) a daily water use (DWU) system that 
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delivered the exact amount of water lost in the previous 24 h and 2) an on-demand (OD) 
irrigation system based on the relationship between substrate moisture level and 
photosynthetic rate.  In this system, irrigation was applied when the substrate moisture 
level fell below 33% container capacity, which corresponded to 90% maximum 
predicted photosynthetic rate.  Both treatments used significantly less water than the 
industry standard of 2.5 cm/day.  This research demonstrated that automating irrigation 
based on the relationship between photosynthesis and VWC may be practical for 
multiple species in a nursery setting and can attenuate water use to meet crop 
demands.   
 
 
Keywords: nursery crops, soil moisture sensors, substrate water content, photosynthesis 
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Nursery Industry 
 The “Green Industry” as defined by Hall (2005) is comprised of wholesale nursery and 
sod growers, landscape architects, designers/builders, contractors and maintenance firms, retail 
garden centers, home centers and mass merchandisers with lawn and garden departments, and 
marketing intermediaries such as brokers and horticultural distribution centers.  This industry 
has very substantial economic importance, valued at $147.8 billion nationwide (Hall, 2005).  The 
green industry is very important for the state of Tennessee worth about $3.85 billion and 
employing 50,812 people (Hall, 2005).  Of vital importance to maintaining the industry is the 
availability of water.  The Tennessee River watershed is the fifth largest watershed in the United 
States draining over 10.6 million hectares and spanning seven states including a large portion of 
East Tennessee (Bohac and McCall, 2008).  Irrigation for agriculture draws nearly 162.7 million 
liters of water per day from the watershed accounting for almost 10% of total consumption 
(Bohac and McCall, 2008).  Better management and conservation practices could help reduce 
the demand for this precious resource and ease strains on water reserves allowing the industry 
to continue to prosper. 
 Correct water management is crucial to the success of a nursery.  A healthy balance of 
irrigation must be maintained to obtain premium plants.  Too much, or too little irrigation can 
have negative effects on plants.  Under watering has traditionally been the greater concern to 
growers because of more immediate and obvious consequences to plant growth and 
development.  Too little irrigation can cause stunted growth leading to irregular and undesirable 
growth forms, smaller plants, and a longer production time required to achieve marketable 
plants.  Efforts to avoid under irrigation lead to very wasteful over-watering practices in the 
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nursery industry.  In addition to the wasted water, too much irrigation fosters a good 
environment for disease proliferation, makes plants less resilient to stress, and creates a 
smaller, less robust root system.  
 
Water 
Water is essential to the survival of all types of plants.  In plants, water is used as a 
solvent to transport nutrients to cells and remove waste, maintain turgor pressure for physical 
structure, foster growth, and drive photosynthetic reactions.  Plants growing on land have the 
difficult task of getting water to all cells throughout the organism.  Vascular plants are able to 
obtain and transport this water from the soil through capillary action.  Transpiration, the loss of 
water vapor from above ground parts of the plant, creates a difference in water potential that 
provides the driving force that pulls water up through the xylem and to the distant portions of 
the plant.  The amount of energy a plant must expend to transport the water from the ground is 
largely dependent on the physical properties of the soil.  When the matric potential becomes 
too great for the plant to effectively move water, the plant experiences water stress.  Water 
stress elicits a number of physiological responses in plants in an effort to conserve water.  These 
include closing of stomata and arresting cellular growth (Kulac et al., 2012).  If water stress is not 
alleviated, the plant will shut down photosynthesis, stop carbon assimilation, and normal 
metabolism is disrupted (Kulac et al., 2012).  These responses mean that plants experiencing 
water stress will end up smaller and look less appealing resulting in lower revenue or a longer 
growing period in a nursery setting (Jones and Tardieu, 1998). 
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Irrigation 
For thousands of years since the beginning of domesticated plants, agriculture has been 
intrinsically linked with water and its availability.  Nowadays, clean water is all too often taken 
for granted.  In 2005, it was estimated that 1.55 trillion liters of water are drawn each day from 
United States water reserves (Kenny et al., 2005).  As populations increase, so does demand for 
water and many sources of our freshwater are at risk of depletion.  Conservation of freshwater 
is becoming increasingly important as a result of this trend.  One of the largest draws on water 
supplies is agriculture with 37% of all United States freshwater withdrawals going into irrigation 
systems (Kenny et al., 2005).  The increasing demand and cost of irrigation has created the need 
for newer, more efficient strategies for irrigation.  The nursery industry does not draw a large 
portion of the total water used but is highly irrigated and extremely inefficient.  Regan (1997) 
stated that 75-85% of water is wasted on common practice container  set up.  
Traditionally, irrigation strategies have aimed to keep containers wet for as long as 
possible with the goal of having the greatest amount of water available to the plants.  Overhead 
irrigation is the cheapest and most effective method of accomplishing that goal and has become 
the most widely used system in nursery settings.  In a paper by Beeson and Knox (1991), the 
average amount of water captured from an overhead system was only 37% even when 
containers were placed pot-to-pot.  The amount of irrigation applied has not been calculated or 
managed due to the low cost and availability of water.  The cost of fresh water is rising with 
demand and this type of system is already unsustainable in the driest parts of the country.  
There are many strategies ranging in cost and complexity from very low to very high that can 
improve efficiency and decrease use. 
One of the simpler strategies involves cyclic irrigation.  Dividing the irrigation into three 
separate events throughout the day allows the water time to soak in, decreasing water use by 
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25% and preventing run-off (Sneed, 1996).  Another strategy involves proper plant placement 
and spacing of plant material.  With overhead irrigation, wider spacing leads to greater amounts 
of water directly hitting the ground and becoming runoff instead of the hitting the container 
surface.  Zinati (2005) estimates that 50-75% of overhead irrigation does not even hit the 
container surface, and instead falls in between the containers.  Simply decreasing space 
between containers can drastically reduce water missing the containers and becoming run-off. 
Grouping plants with similar water need in the same area and scheduling irrigation 
accordingly can also help efficiency (Zinati, 2005).  This can be done two ways.  Crop coefficients 
can be used to categorize the plants into groups of similar water needs.  When this information 
is not available or sufficient, the direct method involves weighing a plant 1 h after irrigation and 
then again 24 h later to determine water lost in one day (Mathers et al., 2005).  Irrigation 
scheduling can then be customized to fit the needs of the plants in each zone.  Watering plants 
in the morning reduces water loss due to evaporation (Mathers et al., 2005).  Wind increases as 
the day progresses which reduces overhead irrigation accuracy thus increasing required 
irrigation.  Watering in the morning is not always the best choice, however.  If water savings is 
the goal morning is the best time, but Warren and Bilderback (2002) have shown that evening 
water is the best time to maximize growth.  These are a few strategies that are cheap and 
simple and nursery operators can implement with the equipment they currently own. 
Irrigating at a water deficit is a strategy of improving water efficiency that requires more 
attention and regulation but has lower equipment costs than other methods of water 
conservation such as installing drip systems or retention ponds.  Container capacity is defined as 
the water held in a substrate when completely saturated and after all free water has been 
allowed to drain (Jones and Tardieu, 1998).  Deficit irrigation means intentionally replenishing 
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only a portion of all the water a container has lost from container capacity.  Depending on how 
well the irrigation system is managed, water is conserved and there is negligible or no effect on 
the final plant size.  This strategy reduces the threat from plant pests and increases hardiness, 
both of particular significance to the nursery industry.  
If truly efficient water use is going to be obtained, then accurate, controllable irrigation 
systems are needed.  The easiest method is drip irrigation but this method is restricted by the 
costs of installation and maintenance of the individual emitters (Beeson and Knox, 1991).  
Currently only larger nursery containers such as 27, 57, and 95 L are irrigated with individual 
emitters (Mathers et al., 2005).  Drip irrigation is efficient because it provides a slow, steady flow 
over longer periods of time preventing leaching and ensuring that 100% of the water reaches 
the container surface.  However, the system requires maintenance to ensure filters are working 
properly, the irrigation lines are not clogged, and they are running at expected rates (Mathers et 
al., 2005).  
Measuring Plant Water Requirements 
If precise irrigation application systems are being used, then this allows for greater 
efficiency through accurate measures of plant water requirements.  To determine those 
requirements, three main types of models are used: environmental, substrate moisture, and 
plant-based measurement models.  The first method attempts to determine container water 
loss using environmental measurements.  There are a number of equations used to determine 
water loss that depend on a variety of environmental measurements to make their calculations.  
The Penman-Monteith is widely accepted as the traditional standard, but equations such as 
Blaney-Criddle or Priestly-Taylor are two of the newer models used to predict 
evapotranspirational loss (Xu and Singh, 2002).  A simpler but less accurate method is the pan 
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evaporative method.  This method is much more practical for a nursery setting requiring a 
grower simply to set out a pan with a measured amount of water on it.  The evaporative loss in 
the pan can then be extrapolated to determine the water lost by nursery containers.  The pan 
method is very inaccurate and does not take into account a few factors that impact evaporative 
loss including the plant.  Using environmental modeling equations such as the Penman-
Monteith is also problematic because it relies on crop specific measures which must be 
predetermined and can change with the age, developmental stage, and size of the plant (Jones, 
2004).   
The second method to estimate plant water status is to use substrate moisture 
measurements.  Both substrate moisture content and water potential in the soil are measured 
to calculate water status.  Tensiometers are used to measure the substrate water potential and 
are quite accurate at measuring available water.  The disadvantage to using these devices is 
inconsistent contact with substrates resulting in inaccurate substrate moisture calculations, 
which is especially a problem in the coarser substrates commonly used in nursery production.  
Tensiometers also require regular maintenance especially when exposed to dry conditions.  The 
other measure of substrate water is volumetric water content which is measured using 
capacitance sensors or gravimetric techniques.  Gravimetric values are determined by watering 
a plant to and letting it drain to container capacity before weighing it.  The plant is again 
measured 24 h later and the difference in weight used to determine the water lost in one day.  
Volumetric water content can also be determined by measuring the dielectric constant of the 
substrate, or the ability of molecules in the surrounding substrate to hold a charge when an 
electric field is projected into the soil.  Like the tensiometers, these sensors are hampered by 
the heterogeneous substrates used in a nursery.  Large particles that become wedged between 
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the two electrical field emitting tines and air pockets in the substrate can cause inaccurate 
capacitance readings.  Capacitance sensors are only able to measure the water content of the 
substrate, which does not account for the amount of water actually available to the plant and 
therefore must be calibrated for each substrate used.  Plant available water depends mostly on 
the physical properties of the substrate but can also be affected by atmospheric conditions such 
as vapor pressure (Fulcher, 2010). 
Plant-based systems are the third approach that attempts to determine irrigation rates 
for nursery production.  There is a wide range of measurements that researchers have 
attempted to use to determine the water conditions of a plant.  These methods are still in 
developmental stages, but have the potential to be the most accurate estimators of plant water 
stress (Jones, 2004).  One issue with using these measurements is that they do not quantify the 
amount of irrigation required by the plants so this method must be used in conjunction with 
other measures to ensure parsimonious watering.  The other major issue these measures have is 
they are measuring a plant’s response to stress so irrigation cannot be timed before the plant 
experiences water stress but can only resolve the issue after the plant has already been 
stressed.  The plant based systems fall into one of two categories; measuring the tissue water 
status or the physiological responses of the plant. 
One strategy used to determine tissue water status is to measure actual water potential 
in the plant.  Water potential can be measured using a pressure chamber.  A pressure chamber 
is a very accurate way to measure stem water potential and is therefore a very accurate method 
to measure water stress (Jones, 2004).  This method is problematic to apply to a nursery system 
because the process requires destruction of leaves, is very time consuming, and cannot be 
automated.  A tool that does not require excision of leaves is a psychrometer.  Psychrometers 
9 
 
enclose a part of the plant such as a leaf within a sealed chamber.  A thermometer is placed in 
the chamber with a drop of known liquid standard with a known solute concentration.  The 
change in temperature is reflected in the amount of condensation or evaporation caused by 
diffusion of water from the plant to the droplet or vice-versa.  However, this method involves a 
high level of skill and sophisticated equipment and can also be unreliable (Jones, 2004).  A third 
and the most accurate method to measure water potential is the pressure probe.  A 
microcapillary is inserted into a single cell and the pressure required to keep cytoplasm from 
entering the microcapillary equals the turgor pressure of the cell (Kramer and Boyer, 1995). 
While this method is currently confined to the laboratory, if adapted to field use this device 
would be extremely accurate at measuring water potential at a cellular level.  
Tissue water content, as opposed to water potential, can also be a good indicator of 
plant water stress.  Water content is determined by measures of leaf thickness or dilation of 
stem and fruit diameter.  Both of these methods are plagued by the issues of complex and 
expensive equipment, inaccurate measures due to low variability, and constant recalibration 
needed due to growth (Jones 2004).  Tissue water status can also be guessed by observing 
visible wilting and xylem cavitation but both of these occur too late, only after the plant has 
been adversely affected by a water deficit, and are therefore impractical for use in a nursery 
setting. 
Physiological responses of plants are frequently used as accurate indicators of plant 
water stress.  Porometers measure stomatal conductance and are the industry standard to 
determine water stress (Jones, 2004).  Portable photosynthesis systems such as the LI-COR 
6400, directly measure whether photosynthetic processes are being inhibited, normally due to 
water stress.  Both will reliably indicate whether a plant’s growth is inhibited by water stress, 
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but they can also respond to other stresses and require multiple replications due to leaf-to-leaf 
and plant-to-plant variability.  They are not automatable and therefore would require a high 
cost in labor.  Sap flow sensors are a very accurate way to measure how quickly water is flowing 
through the xylem by applying heat and then measuring the temperature at another point 
further up the stem.  While it is accurate, this method does not account for the environmental 
influences on sap flow, it needs to be installed and calibrated at night on a tree by tree basis, 
and will only work with tree crops of sufficient stem size.  These problems mean xylem flow is 
inapplicable to a majority of nursery crops. 
Species Used in this Study 
Acer rubrum ‘Red Sunset’ is a medium to fast growing native tree.  These trees are planted 
as shade trees and for their fall color.  They are hardy from zones 3-9 but show a significant 
degree of regional hardiness (Dirr, 2009).  This cultivar is extremely popular and is considered 
one of the best shade trees with good winter tolerance.  
Cercis chinensis ‘Don Egolf’ is a small, multi-stemmed ornamental shrub hailing from central 
China and introduced before 1850.  It can be grown in zones 6 through 9 (Dirr, 2009).  This shrub 
is a popular ornamental and is selected for its showy flowers blooming in March and April.  
Deutzia gracilis ‘Nikko’ is a ground cover shrub often used as a facer or in shrub borders.  
This Japanese native can survive in zones 5-8. D. gracilis is known for its pure white flowers in 
May. 
Hibiscus moscheutos ‘Pink Elephant’ is a deciduous, perennial shrub native to the Eastern 
United States.  It is hardy in zones 5-9.  This species is useful for landscape planting in swampy 
wet soil but will thrive in any full sun environment with consistent soil moisture (Armitage, 
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1989).  This species grows vigorously, producing large, colorful flowers throughout the summer, 
and is a suspected high water user. 
Hydrangea quercifolia ‘Alice’ is a perennial, deciduous shrub native to the Southeast United 
States.  It is hardy in USDA zones 5-9 (Dirr, 2009).  This plant was selected because it is a 
common landscape plant grown in many nurseries, desired for its colorful panicles of flowers 
and fall color.  This plant is also a suspected high water user, which would make it more 
susceptible to midday water stress and therefore stands to benefit the most from more 
frequent irrigation. 
Viburnum dentatum ‘Ralph Senior’ is a very resilient ornamental shrub.  The dark green 
foliage, fall colors and cream to white flowers are what make this shrub attractive.  Its versatility 
and usefulness has been shown in hedges, as screens, and in groupings.  This species can grow 
on almost any type of soil and is grown in zones 3-8.  
 
Substrates 
Plants will halt growth, wilt, and eventually die if subjected to enough water stress.  The key 
to water conservation in a nursery setting is to apply the least amount of water without the 
plant experiencing sufficient water stress to stunt its growth and extend the production cycle.  
Detrimental water stress is experienced when the water content gradient from the soil to the air 
is not great enough to facilitate water movement through the plant.  The water available to the 
plant is determined by two factors.  The first factor is substrate water content at container 
capacity, which is the amount of water that is held by a substrate after being soaked and 
allowed to drain freely (Jones and Tardieu, 1997).  The second factor is the minimum water 
potential value at which plants are able to take up water from the substrate.  Water potential is 
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a measure of the energy required to remove water from substrate pores.  The difference 
between these two points determines plant available water (Jones and Tardieu, 1997).  The 
minimum value varies from species to species, but at that minimum water potential, a plant is 
unable to draw up water from the substrate.  Both of these factors are highly influenced by the 
physical properties of a substrate.  The type of substances included and their ratios in the 
substrate mix determine both the soil’s container capacity and also the plant available water.   
Many different types of substances are mixed to create substrates for the horticultural 
industry including tree bark, sand, and sphagnum moss.  Water status in a substrate is affected 
by amount of pore space, size of pores, substrate structure, and attraction between water and 
the substrate.  Pore space volume can range from around 50% in a soil based container 
substrate up to 90% in a sphagnum based substrate (Drzal et al., 1999).  Pores can be divided 
into four types; macropores, mesopores, micropores, and ultramicropores.  Macropores are air 
filled after free drainage, mesopores are considered the pores with water available to plants, 
micropores are filled with water that is only available to plants under high water stress, and 
ultramicropores contain unavailable water (Drzal et al., 1999).  The variation between substrates 
in the quality of pore space means the water available to plants can vary significantly.  Selection 
of a substrate with higher volumes of water available to plants allows for less frequent watering 
and decreased threat of water stress, both properties are very helpful in practical conservation 
of water.  A substrate with too high of unavailable water does not allow for proper aeration of 
the roots and will encourage disease.   
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Chapter 2 
Modeling the Relationship between Volumetric Water Content and 
Photosynthetic Rate for Four Woody Ornamental Species: Advances 
Toward a Physiologically-based Irrigation System 
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Abstract 
 Precision irrigation systems that deliver the correct volume of water at the appropriate 
time have great potential for water savings and efficiency.  Previously, a precision, On-Demand 
irrigation system was developed based on the sigmoidal relationship between photosynthesis 
and volumetric water content (VWC).  By triggering irrigation when VWC fell below a set point, 
the plants were irrigated just before photosynthesis was impacted, conserving water without 
affecting plant growth.  Our research was conducted to evaluate the hypothesis that the 
sigmoidal relationship was representative of a small, but botanically diverse group of plants and 
to examine if a common irrigation set point was possible among these diverse nursery crops.  
Photosynthetic response curves were conducted to ensure that photosynthetic characteristics 
were representative of woody ornamental plants and to determine the optimum light level of 
subsequent experiments.  The relationship between photosynthetic rates and VWC was 
established for each species.  A sigmoidal curve best described the relationship for all species (r2 
>0.86).  The VWC that maintained photosynthesis at 90% of the maximum rate was selected as a 
potential conservative irrigation set point for each species and were as follows: Hydrangea 
quercifolia Bartr. ‘Alice’ (oakleaf hydrangea) 0.35 m3·m-3, Hibiscus moscheutos L. ‘Pink Elephant’ 
(common mallow) 0.34 m3·m-3, Cercis chinensis Bunge ‘Don Egolf’ (eastern redbud) 0.38 m3·m-3, 
and Viburnum dentatum L. ‘Ralph Senior’ (arrowwood viburnum) 0.35 m3·m-3.  The selected 
VWC set points did not significantly differ between species, nor did 100% container capacity 
values.  This indicates that a single set point is adequate to initiate irrigation and that a common 
upper threshold for VWC can be used for this group of taxa.  This research suggests that 
adapting a physiologically-based irrigation system to a diverse range of plants may be possible, 
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potentially increasing irrigation efficiency and reducing water consumption in container-grown 
crops.  
Keywords: nursery crops, precision irrigation, irrigation scheduling, capacitance sensors 
Introduction  
World population growth has increased demand and competition for natural resources 
as resource availability decreases (Turral et al., 2011).  Water is one of the most crucial 
resources to conserve.  Extreme weather conditions; practices such as unsustainable levels of 
groundwater extraction; and competition among industry, municipalities, and agriculture have 
resulted in irrigation restrictions.  Major nursery crop production states such as Florida, 
California, Texas, and Oregon now face irrigation restrictions (Ackerman and Stanton, 2011; 
Beeson, et al. 2004; Beeson and Brooks, 2008; Houston et al., 2003; Marella and Burndt, 2005; 
State of Oregon, 2013).  Container nurseries are substantially affected by restrictions because of 
their high water use per hectare.  When irrigating with a standard amount of 2.5 cm per day, 
250,000 L  of water are used per hectare per day (LeBude and Bilderback, 2007). 
Container nurseries are often extremely inefficient with 60% to 90% of applied irrigation 
being lost due to lack of application uniformity, excess volume applied, deflection by the 
canopy, and container spacing (Beeson and Yeager, 2003; Fare et al., 1992).  Increasing irrigation 
application efficiency, i.e. increasing the proportion of water that is intercepted and retained by 
containers, can drastically reduce water consumption by nurseries.  A number of strategies have 
been proposed to increase application efficiency in nursery irrigation, such as increasing 
distribution uniformity by optimizing container spacing to increase interception (Beeson and 
Knox, 1991).  Irrigation timing also impacts irrigation efficiency, and watering crops at night or 
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early morning reduces the amount of evaporative loss from overhead irrigation systems 
(Mathers et al., 2005), although this may not be the best time for crop growth (Warren and 
Bilderback, 2005).  Cyclic irrigation, or dividing a daily irrigation event into multiple shorter 
irrigation events can also reduce water use (Beeson and Haydu, 1995).  Other strategies to  
increase efficiency include grouping plants according to water use, using a more appropriate 
irrigation system design, and cleaning and replacing nozzles (Grant et al., 2009; Warsaw et al., 
2009; Zinati, 2005).  However, most of these commonly used strategies are passive attempts to 
address gross application inefficiencies and do not account for continually changing plant and 
environment-specific need for water. 
To more fully maximize water conservation, an irrigation system would need to be 
dynamic and calibrate irrigation application volume and timing to plant and environmental 
demand, applying only the exact amount of water needed each day, and only when needed.  A 
number of methods have been developed to determine the optimum irrigation volume to apply 
on a daily basis.  Researchers have successfully developed crop coefficients for use in models, 
such as Penman-Monteith (Penman, 1948) and Priestly-Taylor (Priestly and Taylor, 1972), which 
calculate the amount of water a plant loses in a day based on environmental factors, plant size 
and age, and specific climate and season.  However, these measurements are crop specific and 
must be calculated throughout the season to account for developmental differences and they 
assume a closed canopy making them unsuitable for nursery application.  Beeson (2012) 
simplified the calculation by using canopy closure data to allow for one equation to calculate 
water use, regardless of season or plant size.  However, separate crop coefficients must still be 
developed for each species and canopy closure measurements must be taken every few weeks 
to adjust the calculations. 
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Other research uses physiological data to determine irrigation rates and timing (Doltra 
et al., 2007; Fernández et al., 2008; and Green et al., 2006).  Basing irrigation on physiological 
data is ideal because it measures the direct response of plants to water stress, indicating exactly 
when the stress occurs.  A system based on physiological data would initiate irrigation only 
when the crop needed water, eliminating superfluous irrigation.  However, it is often difficult to 
measure physiological responses and these systems are triggered only after a plant has 
experienced some level of stress.  To optimize a production schedule, irrigation needs to be 
triggered before the plant is stressed enough to reduce growth.  One indication of water stress 
is when a plant shuts down photosynthesis (Griffin et al., 2004).  By developing an irrigation 
system based on the relationship between photosynthetic rate and VWC over a range of 
substrate moisture contents, Fulcher et al. (2012) found that photosynthetic rates in rose 
mallow (Hibiscus rosa-sinensis L. ‘Cashmere Wind’) follow a sigmoidal relationship; rates 
remained relatively constant above 0.25 m3·m-3 but drop precipitously if substrate VWC dried 
below that point.  Fulcher and Geneve (2011) showed Cornus florida and Cornus kousa species 
exhibited a similar sigmoidal relationship between photosynthetic rate and substrate moisture.  
If the relationship between photosynthesis and VWC is not species-specific, photosynthesis 
decreases substantially at the same VWC, and if 100% container capacity values are similar, then 
an automated irrigation system could potentially be used for multiple species without the need 
for individual species calibrations, which would enhance industry adoption of this system as the 
basis for scheduling irrigation. 
Therefore, the objectives of this research were to: 1) characterize the photosynthetic 
light response of four diverse woody species; 2) develop a model characterizing the relationship 
between photosynthesis and VWC for four diverse woody species; 3) determine if container 
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capacity volumes differ between species; and 4) determine if the VWC that photosynthesis 
precipitously decreases is the same for species in this study, such that one value can be used as 
a conservative set point for multiple species on an automated irrigation system. 
Materials and Methods  
Species were chosen from a range of nursery crops based on providing a botanically 
diverse selection of woody plants and the importance of the genera to the nursery industry.  
Plants included in this study were as follows: rooted cuttings of eastern redbud (Cercis chinensis 
Bunge ‘Don Egolf’), arrowwood viburnum (Viburnum dentatum L. ‘Ralph Senior’), and oakleaf 
hydrangea (Hydrangea quercifolia Bartr. ‘Alice’) (Spring Meadows Nursery, Grand Haven, MI) 
and bare root liners of common mallow (Hibiscus moscheutos L. ‘Pink Elephant’ , Walters 
Gardens, Zeeland, MI).  Common mallow was potted directly into 11.4 L plastic containers 
(C1200, Nursery Supplies Inc., Chambersburg, PA) because of the size of the existing root 
system.  All other species were potted into 3.8 L containers (C400, Nursery Supplies Inc., Fairless 
Hill, PA) with an 85 pine bark : 15 sphagnum peat moss (by volume) substrate (Renewed Earth 
Inc., Kalamazoo, MI).  The first planting occurred on 25 Feb. 2012.  To ensure measurements 
taken during different seasons were not affected by the age of the plant, a second crop was 
planted on 6 Aug. 2012.  To obtain rooted cuttings of the same age, eastern redbud and 
arrowwood viburnum rooted cuttings were purchased, whereas common mallow and oakleaf 
hydrangea were rooted on site.  Softwood cuttings of oakleaf hydrangea were taken from stock 
plants on 8 June 2012, dipped in 5,000 mg kg-1 KIBA, stuck in perlite, and placed under mist.  
Softwood cuttings of common mallow were taken from stock plants on 18 June 2012, dipped in 
3,000 mg kg-1 KIBA, stuck in 50:50 perlite to sphagnum moss (by volume), and placed under mist.  
All plants were drenched on either 13 March or 19 Aug. with Aquagro® L (Aquatrols, Paulsboro, 
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NJ) at 600 mg/L to ensure even wetting because the substrate became hydrophobic during 
preliminary research.  One week after transplanting, plants were top-dressed with 19N-1.75P-
11.6K, 5-6 month controlled release fertilizer with micronutrients (Polyon®, Harrell’s Inc., 
Lakeland, FL) at 12 g per container (medium label rate)  and fertigated twice weekly with 300 
mg/L of 20N-8.7P-16.6K (Peters Professional® General Purpose 20-20-20, Scotts Sierra 
Horticultural Products Co., Marysville, OH).  Plants were grown in a controlled greenhouse 
environment at the University of Tennessee North Greenhouse in Knoxville, TN (35.946°N, -
83.939°W). 
EC-5 soil moisture capacitance sensors (Decagon Devices Inc., Pullman, WA) were 
connected to a multiplexer (AM 16/32, Campbell Scientific, Logan, UT) wired to a datalogger 
(CR1000, Campbell Scientific), and programmed to read and convert mV output from the EC-5 
sensors to VWC based on a substrate-specific calibration for each sensor (Appendix I).  
Capacitance sensors were installed half way between the base of the plant and the container 
sidewall, one per container.  Sensors were oriented vertically with the broad face to plant stem 
and inserted into the substrate so that the sensor overmold/wire junction was 2.5 cm below the 
surface of the substrate.  Sensor readings were automatically measured every 15 sec and 
averages were recorded every 15 min. 
Light response curves were measured between 10 AM and 2 PM using an infrared gas 
analyzer (Li-6400, LI-COR® Biosciences, Inc., Lincoln, NE) on sunny days between 14 June and 17 
August 2012.  Light response curves were measured on the second fully expanded, recently 
matured leaf of each plant.  High and low light curves were conducted on separate days.  For the 
high light curve, photosynthetic rates were measured at decreasing irradiance levels of 2000, 
1800, 1600, 1400, 1200, 1000, 800, 600, 400 µmol·m-2·s-1.  Low light curves were measured at 
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irradiance levels of 400, 300, 250, 200, 150, 100, 50, 25, 10, and 0 µmol·m-2·s-1.  CO2 levels were 
390 ppm for all measurements.  Dates of light curve measurements were as follows: common 
mallow 14, 19, 21, and 22 June, 20 and 25 July; oakleaf hydrangea 14, 19, 20, 21, and 25 June, 
16, 17, and 21 Aug.; eastern redbud 19, 21, 22, and 26 June, 24 July, 18 Aug.; arrowwood 
viburnum 20, 21, 22, and 26 June, 26 July, and 1 Aug.  Values from the high light curves were 
used to calculate the maximum predicted photosynthetic rate.  A regression line was fit to the 
linear portion of the low light curves, 50, 25, and 10 µmol·m-2·s-1, and apparent quantum 
efficiency was calculated from the slope of the regression line.  Dark respiration rate was 
predicted from the regression line at the intersection with light intensity at 0 µmol·m-2·s-1.  Light 
compensation point was determined from the intersection of the regression line and the x-axis, 
when net photosynthetic rate was 0 µmol·m-2·s-1.  Light curve data was also collected for Acer 
rubrum L. ‘Red Sunset’ (red maple) and is presented in Appendix II.   
Root proliferation was periodically monitored in a cohort of plants that were not 
included in the experiment to determine root establishment.  Plants were hand watered until 
roots reached the container sidewall.  Upon initiating experiments, the substrate was hand 
watered and containers placed in 2.5 cm of standing water for 30 min to ensure complete 
saturation of the substrate.  Containers were left to drain to 100% container capacity, which 
took 1 h for 3.8 L and 2 h for 11.4 L containers (common mallow), and then water was withheld 
for the remainder of the experiment.  Weight, soil moisture, and photosynthetic rate were 
measured once or twice daily between 10 am and 2 pm beginning at 100% container capacity 
and continuing as the containers dried.  Gas exchange measurements were taken on the second 
fully expanded, recently matured leaf with an infrared gas analyzer with light intensity 
maintained at 2000 µmol·m-2·s-1 and CO2 at 390 ppm.  Models were developed from 
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measurements taken as the plants dried down until the plants were wilting.  Model 
development experiments were conducted three times for eastern redbud and four times for 
the other species throughout the 2012 growing season on the following dates: eastern redbud: 
23-29 May, 26 June-9 July, and 30 Oct.-8 Nov.; common mallow: 11-20 May, 24-29 July, 7-24 
Sept., and 25 Sept.-11 Oct.; oakleaf hydrangea: 30 Apr.-4 May, 26 June-9 July, 25 Sept.-11 Oct., 
and 30 Oct.-8 Nov.; arrowwood viburnum: 11-20 May, 26 June-9 July, 7-24 Sept., and 25 Sept.-
11 Oct.  Only three time periods were measured for eastern redbud because of the extended 
substrate drying time required for this species. 
Regression analysis was used for the light response curves (SigmaPlot™, SPSS, Chicago, 
IL) to determine the relationship between photosynthetic rates and light intensity for each 
plant.  Then, light response characteristics of each plant were individually determined.  For the 
model development experiments, the relationship between photosynthetic rates and VWC was 
graphed for each plant.  All curve options on SigmaPlot™ were evaluated for each plant to 
determine the best fit.  Once the best fit curve was selected, VWC values were determined that 
corresponded to 90% of maximum predicted photosynthetic rate.  Model development 
experiments were conducted three times for eastern redbud and four times for all other 
species.  Light response characteristics and VWC values were analyzed using the PROC MIXED 
procedure in SAS® (v.9.3, SAS Institute Inc., Cary, NC) and means were separated using Tukey’s 
HSD t-test (α=0.05).  For all light response and model development experiments there were five 
replicate plants.  All experiments were in a randomized block design with time period as the 
blocking factor.    
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Results  
For each species, there was no difference between the maximum photosynthetic rate 
from light response curves and the predicted maximum photosynthetic rates from the model 
development experiments (data not shown, P value=0.0691).  Therefore, photosynthetic rates 
from model development experiments are not presented.  The maximum photosynthetic rate of 
common mallow was the highest at 24.8 µmol CO2 m
-2·s-1.   Eastern redbud, 15.4 µmol CO2 m
-2s-1, 
was greater than oakleaf hydrangea, 10.3 µmol CO2 m
-2·s-1, but neither differed from arrowwood 
viburnum, 13.8 µmol CO2 m
-2·s-1 (Table 2.1, see Appendix).  Predicted light compensation points 
ranged from 14.3 to 23.4 µmol CO2 m
-2·s-1 but were not different.  Quantum light efficiency 
ranged from 0.060 to 0.065 and also was not different between species.  Dark respiration rates 
of eastern redbud, -1.85 µmol CO2 m
-2s-1, and arrowwood viburnum, -1.80 µmol CO2 m
-2s-1, were 
lower than those of oakleaf hydrangea and common mallow, -1.22 and -1.04 µmol CO2 m
-2s-1, 
respectively (Table 2.1).   
Based on r2 values, a three parameter sigmoidal curve was the best fit to describe the 
relationship between VWC and photosynthetic rates for all species (Fig. 2.1).  All species had 
average r2 values equal to or greater than 0.86 (Table 2.2).  For all species, 100% container 
capacity was between 0.51 and 0.53 m3·m-3 and was not different (Table 2.2).  The set point, or 
lower VWC threshold to automatically trigger irrigation, was calculated at 90% maximum 
predicted photosynthesis based on the hypothesis that drying to this point would conserve the 
most water without reducing plant growth.  The VWC values calculated to maintain 
photosynthesis at 90% of maximum predicted rates ranged from 0.34 to 0.38 m3·m-3 (Table 2.2) 
and were not different for the four species. 
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Discussion  
These experiments attempted to characterize photosynthetic metrics and determine if 
the relationship between substrate moisture and photosynthetic rate were similar for a diverse 
group of woody plants.  While values were different between species in this study, the overall 
characterization of light response was consistent with other woody plants.  The maximum 
predicted photosynthetic rates between species differed from 10.3 µmol CO2 m
-2·s-1 at the 
lowest to 24.8 µmol CO2 m
-2·s-1 at the highest, a difference of 58% (Table 2.1).  These rates are 
consistent with established measurements for woody ornamental plants, for example: linden 
(Tilia spp.) and maple (Acer spp.) range from 3.59 to 13.03 µmol CO2 m
-2·s-1 (Forrai et al., 2012), 
redbud (Cercis spp.) 10 to 25 µmol CO2 m
-2·s-1 (Griffin et al. 2004), and dogwood (Cornus spp.) 
5.6 to 14.1 µmol CO2 m
-2·s-1 (Fulcher, 2010).  Light compensation points ranged from 14.3 to 23.4 
µmol CO2 m
-2·s-1 and were similar to those measured on other woody ornamental species under 
comparable conditions.  Beckman et al. (1992) showed sour cherry (Prunus cerasus L.) light 
compensation points ranged from 12 to 20 µmol CO2 m
-2·s-1 and Baltzer and Thomas (2007) 
showed a range of 7.4-16.9 µmol CO2 m
-2·s-1 for several woody ornamental species.  Quantum 
yields calculated in this study, 0.060 to 0.065, (Table 2.1) are within the range of 0.027 to 0.082 
documented in a review of quantum yield of herbaceous and perennial species (Singsaas et al., 
2001).  Dark respiration rates, -1.04 to -1.85 µmol CO2 m
-2·s-1, were also similar to values 
measured on other woody species in other studies such as red maple and yellow poplar 
(Liriodendron tulipifera L.), -1.95 and -1.55 µmol CO2 m
-2·s-1, respectively (Groninger et al., 1996).  
The species chosen in this study were a botanically diverse selection of woody plants, 
representing Malvaceae, Adoxaceae, Fabaceae, and Hydrangeaceae plant families.  The species 
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displayed a range of photosynthetic characteristics but the metrics were consistent with 
established values for other woody ornamental plants. 
The r2 values (>0.86) indicate that a three-parameter sigmoidal curve accurately 
describes the relationship between VWC and photosynthetic rates for all four species (Table 
2.2).  The precipitous decrease in photosynthetic rate as substrate VWC decreased was mirrored 
by stomatal conductance in plants tested (data not shown).   The sigmoidal relationship 
between photosynthesis and VWC is consistent with that observed in other woody ornamentals 
such as rose mallow, flowering dogwood (Cornus florida), and kousa dogwood (Cornus kousa) 
(Fulcher et al. 2012; Fulcher and Geneve, 2011).  Plants maintained maximum photosynthetic 
rates at VWC values below container capacity until the substrate dried past a certain point, 0.34-
0.38 m3·m-3, when photosynthesis began to precipitously decrease.   
To achieve precision irrigation, the amount of water used in evapotranspiration can be 
calculated relative to container capacity and irrigation applied to return to container capacity 
without excess, as in the method of Warsaw et al. (2009).  However, using this or similar 
irrigation technology relies on consistent 100% container capacity values among plants within 
an irrigation zone.  It was hypothesized that differential root proliferation among species and 
variation in substrate volume per container may lead to a range of container capacity values.  
However, these factors did not significantly affect container capacity.  All species’ averages were 
between 0.51 m3·m-3 and 0.53 m3·m-3 indicating that at this stage of production substrate 
moisture content at maximum holding capacity was consistent (Table 2.2).  This also 
demonstrates that the plants were subjected to similar compaction during transplanting and 
subsequent care.  Uniformity is important for precision irrigation to be feasible, and low 
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variability such as documented here may decrease the number of sensors needed; therefore, 
decreasing costs for growers to adopt sensor-based automated irrigation systems.   
One objective of these experiments was to determine the substrate moisture content at 
which near maximum photosynthetic rates could be achieved.  The VWC corresponding to 90% 
of the maximum predicted photosynthesis was selected because as VWC decreased below that 
point, photosynthetic rates dramatically decreased (Fig. 2.1).  Based on previous research, it was 
hypothesized that maintaining substrate moisture content so photosynthetic rates remained 
above 90% would maximize water conservation without impacting plant growth.  While biomass 
is generally affected before photosynthesis (Taiz and Zigler, 2002), Fulcher et al. (2012) 
demonstrated that maintaining VWC just above the precipitous decrease in photosynthesis did 
not negatively impact plant growth.  Therefore, this set point would be best suited as the set 
point to trigger irrigation within an automated irrigation system without decreasing biomass.  
The irrigation set points determined in this research, 0.34-0.38 m3·m-3, are similar to minimum 
substrate moisture levels required to maintain optimum growth found in other studies.  
Miralles-Crespo and van Iersel (2011) found that begonia plant size decreased when substrate 
moisture levels were maintained below 0.35 m3·m-3 in a peat-based substrate.  Van Iersel et al. 
(2010) recorded a decrease in petunia plant mass after substrate moisture decreased below 
0.25 m3·m-3 in a peat-based substrate.  Fulcher et al. (2012) found that although plant height 
was not impacted until substrate moisture content dropped to 0.22 m3·m-3, plant biomass 
decreased when substrate moisture content dried to 0.30 m3·m-3 between irrigation events.  The 
set points chosen in this study, i.e., the VWC corresponding to 90% of the maximum predicted 
photosynthetic rate, were not different for the four species tested.  Therefore, using one VWC 
value as the lower set point for irrigation initiation for a wide range of species appears possible.  
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More species should be tested to confirm this hypothesis, as O’Meara (2012) found that the set 
point at which transpiration stopped differed between french hydrangea (Hydrangea 
macrophylla (Thunb.) Ser. ‘Fasan’) and common gardenia (Gardenia jasminoides Ellis ‘Radicans’), 
0.16 and 0.12 m3·m-3, respectively.  The differences in the VWC value at which growth is 
inhibited between studies is likely due to differences in hydrological properties from the range 
of substrates used.   
Substrates’ hydrological properties are dependent on the physical properties of the 
substrate and the container volume and height.  VWC represents all of the water present in a 
volume of substrate at a given time, including gravitational, available, and unavailable water.  
The VWC can be identical in two different substrates but the water potential may be different, 
meaning that the water may be more available to the plants in one substrate than another.  
Thus, a plant that wilts at 0.25 m3·m-3 in one substrate will not necessarily wilt at 0.25 m3·m-3 in a 
different substrate.  Therefore, the set points determined in this and other studies are substrate 
and container specific and may need to be determined individually for each substrate and 
container used, in spite of the relative consistency among results described above. 
Based on these results, an irrigation system would only need one lower set point to 
initiate irrigation and one upper VWC value for 100% container capacity regardless of the 
species under irrigation.  However, this does not imply that all species can be simultaneously 
grown under one irrigation system, just that set points would only need to be developed once 
per substrate-container combination.  Plants may experience water stress at the same substrate 
water content, but the rate at which the plants use water and the time required for containers 
to dry past the set point are different.  During one time period in this study, oakleaf hydrangea 
experienced water stress after 2 to 3 days, whereas eastern redbud began experiencing water 
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stress after 7 to 8 days.  This underscores the importance of grouping crops according to water 
needs.  Results from this research and Fulcher and Geneve (2011) suggest that the same 
program could be used to irrigate different woody species without developing VWC set points 
for each species, but species would have to be grouped into irrigation zones so that they would 
dry at the same rate. 
The inherent variation among individual plants and containers causes some plants to dry 
out more quickly than others, even when crops are grouped appropriately.  This variation can 
reduce the precision that can be achieved by any irrigation system and may increase the number 
of substrate moisture sensors necessary to accurately measure the average VWC of a block of 
plants.  For plants in 3.8 L containers, this research suggests that using less conservative values 
for the lower irrigation set point, 0.38 m3·m-3, and 100% container capacity set point, 0.53 m3·m-
3, are advantageous for automated irrigation systems.  Using the wettest set point estimates of 
0.38 m3·m-3 and 0.53 m3·m-3 would compensate for uneven distribution of irrigation water and 
individual container variation; ensuring containers are irrigated before water stress occurs and 
all containers are fully irrigated to 100% container capacity.  These less conservative set points 
reduce the potential water savings, but help prevent the plants from experiencing water stress.  
Choosing a lower set point to trigger irrigation would save more water, but would risk stressing 
plants that are drier than the crop average due to the inherent variation within a production 
block, such as plants on the edge of the block.  One of the benefits of using this system is its 
dynamic nature.  As the restrictions and cost for water increase, growers may decide it is more 
prudent to choose a lower set point that carries greater risk of water stress and reduced growth 
in exchange for maximizing water savings. 
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Fulcher et al. (2012) describe a successful irrigation model as having these traits: 1) do 
not increase production time compared to current irrigation scheduling; 2) the ability to be 
automated; 3) accurately estimate water use to prevent over and under irrigation and thus 
conserve water and minimize leaching; 4) simple; and 5) easily configured to a large number of 
crops.  An irrigation system based on the relationship between VWC and photosynthetic rate 
presented here shows great potential for fulfilling these requirements.  Once installed, sensor 
measurement, irrigation calculation, and application can be automated and controlled with one 
system.  Container capacity and lower set points were not different between species allowing 
for both accurate estimates of water use and the application of one set point for irrigating a 
potentially large number of species with proper use of irrigation zones.  This research 
demonstrated that the physiologically-based model presented here has the potential to be 
effectively implemented into an automated nursery irrigation system. 
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Appendix 
Table 2.1: Photosynthetic light response curve-derived values.  Measurements taken on the second fully expanded mature leaf of four 
woody ornamental species.  
zDetermined from where the linear portion of the low light curves, i.e., 50, 25, and 10 µmol·m-2·s-1 values, and the x-axis intersect, when net 
photosynthetic rate was 0 µmol·m-2·s-1. 
yPredicted from the intersection of the regression line for linear portions of low light curves, i.e., 50, 25, and 10 µmol·m-2·s-1 values, with 
light intensity levels of 0 µmol·m-2·s-1.   
xCalculated from the slope of the regression line for linear portions of low light curves, i.e., 50, 25, and 10 µmol·m-2·s-1 values. 
wMeans followed by the same letter were not significantly different (Tukey’s HSD α=0.05). 
Species 
 
Maximum 
photosynthesis  
(µmol CO2 m
-2·s-1) 
 
Light compensation 
point  
(μmol·m-2·s-1)z  
Quantum light 
efficiency 
(Qapp)
y  
Dark respiration 
(µmol CO2 m
-2·s-1)x 
Cercis chinensis 
 ‘Don Egolf’ 
 
15.4±1.3bw 
 
23.4±2.6  0.065±0.005  -1.85±0.15b 
    
     
Hibiscus moscheutos 
 ‘Pink Elephant’ 
 
24.8±1.3a 
 
14.3±2.6  0.061±0.005  -1.04±0.17a 
    
     
Hydrangea quercifolia 
 ‘Alice’ 
 
10.3±1.2c 
 
16.3±2.4  0.060±0.004  -1.22±0.14a 
    
     
Viburnum dentatum 
‘Ralph Senior’   13.8±1.2bc   23.0±2.6  0.063±0.005  -1.80±0.15b 
    
     
P value 
 
 <.0001 
 
0.0826  0.4837  0.0052 
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Table 2.2: r2 of regression line, container capacity, and irrigation set point based on the relationship between photosynthesis and 
volumetric water content for four woody ornamental species.  
 
z
Relationship between photosynthetic rate and VWC were plotted and three parameter sigmoidal curves fit to the data for each of the five plants in each 
time period.  Value representing the average r
2 
values of those lines.   
y
Set point to initiate irrigation, driest calculated value that can maintain photosynthesis at 90% of the predicted maximum rate.  Average of all the 
volumetric water content points corresponding to 90% of the maximum predicted photosynthetic rate for each plant.  Points were derived from the 
equation of the sigmoidal curve best fitting the relationship between photosynthetic rate and volumetric water content. 
x
Means followed by the same letter were not significantly different (Tukey’s HSD α=0.05).
Species 
 
r
2 
valuesy 
 
Container 
capacity (m3·m-3)  
 
90%  of maximum predicted photosynthesis 
(µmol CO2 m
-2·s-1) 
 
Irrigation set point 
(m3·m-3)z 
      
  
 
  
Cercis chinensis 'Don 
Egolf' 
 
0.91 
 
0.53 
 
14.6abx 
 
0.38 
         Hibiscus moscheutos 
‘Pink Elephant’ 
 
0.89 
 
0.51 
 
19.0a 
 
0.34 
         Hydrangea 
quercifolia ‘Alice’ 
 
0.92 
 
0.53 
 
8.5b 
 
0.35 
         Viburnum dentatum 
‘Ralph Senior’   0.86   0.53   10.8b   0.35 
P value 
 
--- 
 
0.8707 
 
0.0017 
 
0.8152 
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Figure 2.1: Representative examples of the relationship between photosynthetic rate and substrate 
moisture content for four woody ornamental species.  Actual measurements shown as symbols; lines 
represent the predicted photosynthetic rate.  The average set point determined from all samples for 
each species is shown as the corresponding grey line for comparison.  Equations of the regression lines 
are included where y=photosynthetic rate and θ=volumetric water content:  A- 0.34 m3·m-3 Hibiscus 
moscheutos ‘Pink Elephant’ {y=24.6/(1+e(-(θ -0.258)/0.037))}, B- 0.35 m3·m-3 Hydrangea quercifolia 
‘Alice’ {y=7.34/(1+e(-(θ -0.256)/0.035))}, C- 0.38 m3·m-3 Cercis chinensis ‘Don Egolf’{y=13.67/(1+e(-(θ -
0.306)/0.029))}, and D- 0.35 m3·m-3 Viburnum dentatum ‘Ralph Senior’{y=15.1/(1+e(-(θ -0.304)/0.02))}.
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Chapter 3 
Determining Optimum Sensor Orientation and Depth within an 11.4 L Container 
to Estimate Whole Container Volumetric Water Content 
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Abstract 
 An experiment was conducted to determine which of the five sensor placements best estimates 
volumetric water content (VWC) in 11.4 L containers and the effect of low VWC on sensor reading 
variability.  Five sensor placements were tested; three sensors were horizontally inserted into the 
sidewall at 5 cm, 10 cm, and 15 cm from the base of the container and the other two placements were 
inserted into the substrate surface either vertically or diagonally.  All positions showed a strong linear 
relationship (r2> 0.92) making them all appropriate models of container substrate moisture.  Sensors 
placed 15 cm above the base had a y-intercept closer to zero than sensors at 5 cm from the base, 
vertical and diagonal, but the slope was less accurate than the other placements.  Vertical placement 
had a more accurate slope than 15 cm from the base, but the y-intercept was significantly further from 
zero.  The substrate was dried to 0.11 m3·m-3 during the experiments and became hydrophobic.  This 
substantially decreased the amount of water that could be held at container capacity and increased 
sensor variability.  No placement proved better than the others, but choosing a vertical placement is 
most practical for sensor calibration, installation, and removal. 
Keywords: capacitance, irrigation, nursery, substrate water content 
Introduction 
 Soil moisture sensors and other environmental sensors are now becoming affordable.  
Therefore, utilization of these technologies is no longer restricted to research applications.  Recently, 
commercial agricultural producers have begun adopting sensors to guide management decisions 
(Rundel et al., 2009).  These sensors have the potential to allow growers to utilize more precise irrigation 
practices that improve efficiency and reduce water use.  The traditional use of static timers to apply 
irrigation is often extremely wasteful (Fare et al. 1992; Grant et al., 2009) and lacks the benefits of a 
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dynamic, sensor-based system that adjusts for day-to-day changes in plant water requirements.  
Warsaw and Fernandez (2009) showed that using a soil moisture sensor to calculate daily water use and 
manually watering the plants to return them to container capacity reduced water use up to 70% as 
compared to conventional irrigation scheduling.  Further, the method in Warsaw and Fernandez (2009) 
did not affect plant size.  Using an automated system based on moisture sensor measurements to 
calculate and apply irrigation has shown to be a precise and effective method to maintain a consistent 
substrate moisture, thus preventing plants from experiencing drought stress while eliminating leachate 
from excess irrigation (Garland et al., 2012; Kim et al., 2011; Miralles-Crespo and van Iersel, 2011; van 
Iersel et al., 2010).  Utilizing this type of automated control can result in water savings of 60-85% 
compared to conventional irrigation practices, without reducing plant growth as long as an appropriate 
VWC is maintained (van Iersel et al., 2009).  Water savings increase as the substrate moisture content 
level at which irrigation is triggered is lowered, but a minimum threshold exists below which growth 
inhibition occurs (Fulcher et al., 2012; van Iersel et al., 2009; van Iersel et al., 2010).  
The efficacy of sensor-based systems is entirely dependent on the accuracy of measurements; in this 
case, soil moisture capacitance readings.  Capacitance sensors measure the dielectric constant of the 
substrate, or the ability of molecules in the surrounding substrate to hold a charge when an electric field 
is projected into the soil.  Water particles readily store and transmit the projected electric charge, 
whereas almost all other substrate components carry the charge extremely weakly, so the dielectric 
constant is an effective basis to determine volumetric water content (VWC) (Decagon Devices Inc., 
2010).  However, the effective range of the electric field is limited; approximately a 2 cm radius from the 
sensor, so accuracy of the readings is susceptible to the inherent variability of water content found 
within nursery containers (Daniels et al., 2012).   
Many types and sizes of both organic and inorganic substances are mixed to create substrates for 
the horticulture industry.  Water status in a substrate is affected by amount of pore space, size of pores, 
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and attraction between water and the substrate (Drzal et al., 1999).  These properties not only vary 
between substrate mixes, but also vary within a container creating localized differences in water 
content and availability (Drzal et al., 1999).  Within a container, a hydraulic gradient forms in the 
substrate because of the opposing forces of gravity and capillary action (Bilderback and Fonteno, 1987).  
This gradient results in a perched water table or saturated zone at the bottom of the container that 
occurs regardless of container size or how many drainage holes are made (Bilderback and Fonteno, 
1987; Spomer, 1980).  Often, few or no roots grow in this saturated part of the container until a plant 
has become well established or pot-bound and therefore, sensors placed entirely in this zone will give 
inaccurately high measurements that do not reflect the substrate moisture content the plant 
experiences.  Any irrigation regime relying on such a placement would expose the plant to moisture 
stress long before the sensor indicated suboptimal moisture content.  In contrast, artificially low 
moisture readings from sensors placed near large air pockets or dry areas can result in overwatering and 
decreased water savings.  Uneven drying, hydrophobic pockets, settling, and large particles wedging 
between the sensors tines are additional concerns that could result in sensor readings that are not 
representative of the whole container substrate moisture content.  
Sensor placement is an often overlooked variable, but the abovementioned factors make placement 
of substrate moisture sensors, both orientation to the surface and depth in substrate, crucial when 
trying to obtain accurate substrate moisture measurements.  Often, sensor placement within a 
container is not mentioned (Nemali and van Iersel, 2006; van Iersel et al., 2009).  When mentioned, 
sensor orientation varies: perpendicular (Fulcher et al., 2012; Fulcher and Geneve, 2011), 45° angle (van 
Iersel et al., 2010), and horizontal (Burnett and van Iersel, 2008) have all been used.  Similarly, depth of 
sensor placement in the substrate profile is rarely discussed.  Daniels et al. (2012) recommend a 
consistent sensor depth in all containers because of a strong linear gradient increasing from low to high 
VWC with increasing depth within the container.  However, Daniels et al. (2012) did not investigate the 
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best orientation for the sensors.  This illustrates the need for research into the effects of sensor 
orientation and depth on the accuracy of substrate moisture readings.  The objectives of this experiment 
were to: 1) determine the sensor placement that most accurately reflects the whole container water 
status for an 11.4 L container; and 2) document the variation that low substrate moisture levels may 
introduce into sensor-based systems. 
 
Materials and Methods 
Hibiscus moscheutos L. ‘Pink Elephant’ (common mallow) cuttings were taken from established 
stock plants on 19 Aug. and 2 Sept. 2012, dipped in 3000 mg kg-1 KIBA (Hormodin®2, E.C. Geiger Inc., 
Harleysville, PA), and stuck in a  1 perlite : 1 sphagnum moss substrate mix (by volume, Pro-Moss TBK, 
Premier Tech Horticulture, Rivière-du-Loup, Québec, Canada).  Cuttings were placed under mist for 6 
weeks until rooted.  The cuttings were planted in 11.4 L plastic nursery containers (C1200, Nursery 
Supplies Inc., Chambersburg, PA) with 85% pine bark : 15% sphagnum peat moss substrate (by volume, 
Renewed Earth, Inc., Kalamazoo, MI) on 6 and 22 Oct. 2012.  Substrate physical properties were as 
follows: 89.9% total porosity, 61.3% container capacity, 28.6% air space, and 0.16 g/cc bulk density.  One 
week after transplanting, plants were top-dressed with 19N-1.75P-11.6K, a5-6 month controlled release 
fertilizer with micronutrients (Polyon®, Harrell’s Inc., Lakeland, FL) at 53 g per container (medium label 
rate).  Root proliferation was periodically monitored in a cohort of plants that were not included in the 
experiment to determine root establishment.  Plants were hand watered until roots reached the 
container sidewall.  At this point, EC-5 capacitance sensors (Decagon Devices Inc., Pullman, WA) were 
installed in each container and wired to a multiplexer (AM 16/32, Campbell Scientific, Logan, UT) that 
was connected to a datalogger (CR1000, Campbell Scientific).  The datalogger was programmed to read 
mV output from the EC-5 sensors and convert that value to VWC based on a previously determined 
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substrate-specific calibration for each sensor (Appendix I).  Sensor measurements were made every 15 
sec and averages were recorded every 15 min. 
Five different sensor placements were tested (Fig. 3.1, see Appendix).  Horizontal sensor 
placements in positions 1-3 were 5 cm, 10 cm, or 15 cm from the base of the container to the sensor 
overmold/wire junction.  There were 5 cm between the highest sensor placement and the substrate 
surface.  Small vertical slits were cut into the sides of the containers so sensors could be horizontally 
inserted 2.5 cm past the overmold with the narrow aspect facing up.  Duct tape was placed around the 
slits to prevent water and air movement through the opening.  The fourth placement was half the 
distance from the center of the container to the sidewall, vertically inserted with the wide aspect of the 
sensor parallel to the sidewall.  The sensor was installed to a depth such that the overmold/wire 
junction was 2.5 cm below the substrate surface.  The fifth placement was also inserted in the surface of 
the container, half the distance from the center to the sidewall also such that the overmold was 2.5 cm 
below the substrate surface.  This placement differed by orienting the sensor at a 45° angle with the 
wide aspect perpendicular to the sidewall to prevent water pooling on the tine blades.  The sensors’ 
projected capacitance fields have an effective range of 2 cm radius (Decagon Devices Inc., 2009).  
Therefore, the minimum distance between any parts of two sensors exceeded 5 cm to ensure there was 
no interference between the sensors.  The experiment was conducted from 29 Nov. 2012 to 13 Dec. 
2012 and from 14 Dec. 2012 to 29 Dec. 2012 in a controlled greenhouse environment in Knoxville, TN at 
the University of Tennessee North Greenhouse (35.946°N, -83.939°W). 
To initiate the experiment, containers were hand watered and allowed to drain to container 
capacity.  Once drained, the containers were weighed and substrate surface level marked.  Water was 
withheld and the weight of each container was then recorded daily until plants wilted.  When wilting 
was apparent, final weights were recorded at an average VWC of 0.11±0.01 m3·m-3.  To examine 
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objective 2, plants were then hand watered and drained for 1 h to remove all gravitational water, 
returning containers to 100% container capacity before being weighed.  Substrate was dried in an oven 
at 45°C until all moisture was removed as determined by periodic gravimetric measurements indicating 
no further weight change.  Substrate volume was determined as the volume of water required to fill the 
container to the substrate level marked when fully hydrated.  Actual substrate VWC for any given 
measurement during the experiment was calculated as the weight of water (difference between 
substrate weight and final dry mass) divided by the total substrate volume.  
Five sensor placements were tested in eight replicate containers.  The experiment was repeated 
using eight plants from the second cutting date to ensure both trials contained plants of the same age.  
Individual regression lines were fitted to the relationship between VWC estimated by sensors and VWC 
calculated gravimetrically for each sensor using PROC REG in SAS® Version 9.3 (SAS Institute Inc., Cary, 
NC).  A MANOVA was conducted on the slope, y-intercept, and r-square values of the regression lines 
and means were separated using Tukey’s HSD (P value=0.05).  Data were analyzed as a randomized 
complete block, blocked by time period.  Block effect was not significant so data were pooled.  
Placements were statistically analyzed against each other and evaluated based on the perfect 
relationship between measured and gravimetric VWC: a line with slope=1, y-intercept=0, and r2= 1.0.   
Results 
A linear relationship was observed for all sensor placements; r2 values exceeded 0.92 and were 
not different for all placements (Table 3.1; Fig. 3.2).  Sensor placement did affect the relationship 
between sensor-estimated and gravimetrically determined VWC; slopes and y-intercepts of the 
regression lines were different among sensor placements (Table 3.1).  A slope of 1.0 was considered 
ideal for the model.  Sensors placed 15 cm from the container base had a slope of 0.739, which differed 
from that of sensors placed vertically and 10 cm from the base at 0.904 and 0.888, respectively, but not 
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from the diagonal or 5 cm from the base placements, 0.809 and 0.836, respectively.  An ideal y-intercept 
for the relationship between sensor-estimated and gravimetrically determined VWC is zero.  The y-
intercept for sensors placed 15 cm from the base differed from vertical, diagonal, and 5 cm from the 
base, 0.042 compared to 0.117, 0.122, and 0.101 m3·m-3, respectively (Table 3.1) 
Two placements’ initial sensor readings differed from the gravimetrically determined VWC at 
100% container capacity, 0.49 m3·m-3 (Table 3.2).  VWC for sensors in the vertical placement, 0.55 m3·m-
3, was greater than that for the gravimetric determination and VWC for sensors 15 cm from the base 
was lower, 0.43 m3·m-3.  All other positions were not different from the actual VWC.  Plants reached an 
average gravimetric VWC of 0.11 m3·m-3 at their driest, before rehydration.  At the driest point during 
the experiment sensor placements 5 cm from the base, vertical, and diagonal, 0.18, 0.20, and 0.20 m3·m-
3, respectively, measured greater VWC than the actual, 0.11 m3·m-3 (Table 3.2).  Sensors at 10 and 15 cm 
from the base were not different from gravimetric readings.  The differences between initial and 
terminal 100% container capacity readings were significant for all placements.  A reduction in container 
capacity sensor readings of 27-44% was observed after the substrate dried and was rehydrated to 100% 
container capacity.  This corresponded with a decrease in actual container capacity of 51%, from 0.49 to 
0.24 m3·m-3, as determined gravimetrically (Table 3.2).  Following rehydration, sensor readings were 
greater than the gravimetric VWC of 0.24 m3·m-3 for all positions except 10 and 15 cm from the base, 
which were not different at 0.32 and 0.24 m3·m-3, respectively (Table 3.2).   
Sensor variation was also assessed.  The average difference of individual sensor VWC readings 
from the actual, gravimetrically-determined VWC at initial container capacity were not different among 
placements and fell within the range of 0.04-0.07 m3·m-3 (Table 3.3).  Following rehydration, the two 
placements nearest the substrate surface, vertical and diagonal placements, had greater differences in 
sensor readings, 0.15 and 0.14 m3·m-3, than sensors 15 cm from the base, 0.07 m3·m-3 (Table 3.3).  
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Placements 5 and 10 cm from the base did not differ from other placements.  Comparing container 
capacity readings at the initiation of the experiment to those measured following rehydration showed 
an increase in variation from the gravimetric determination in all placements except 15 cm from the 
base (Table 3.3). 
Discussion 
Our goal was to identify the sensor placement within a container that most accurately measured 
VWC.  Practically speaking, all positions showed a strong linear relationship (r2> 0.92) making them all 
appropriate models of container substrate moisture (Table 3.1).  Calibration adjustments could be made 
for any of the positions and programmed into a system to account for the differences in both slope and 
intercept.  Sensors placed 15 cm above the base had a y-intercept closer to zero than sensors at 5 cm 
from the base, vertical and diagonal, but the slope was less accurate than two other placements (Table 
3.1).  Vertical placement had a more accurate slope than 15 cm from the base, but the y-intercept was 
significantly further from zero (Table 3.1).  However, vertical placement appears to be the best choice 
because it closely follows the rate at which container moisture changes, as shown by its slope, and 
would be the simplest position for sensor calibration, installation, and removal when plants are sold.  
Sensors in the vertical placement would estimate a VWC consistently higher than the actual VWC, but by 
programming the datalogger-based irrigation system to subtract the y-intercept value determined in this 
experiment from all measurements, accurate VWC values can be obtained throughout the range 
experienced by plants.   
Efforts are made to prevent substrate drying to the point of wilting, but it is not uncommon for 
plants to wilt at least once during production due to human error, equipment malfunction, or extreme 
conditions.  Pine bark-based substrates have a tendency to become hydrophobic if allowed to dry 
(Beardall and Nichols, 1982; Lamack and Niemiera, 1993; Warsaw et al., 2009) and present a problem 
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for conservative irrigation regimes.  Substrates that are hydrophobic are less able to retain water, 
shedding rather than absorbing it, which can increase irrigation requirements.  Water channeling within 
hydrophobic bark increases run off and decreases irrigation efficiency (Beeson and Haydu, 1995; 
Warsaw et al., 2009; Warren and Bilderback, 2005).  While plants can tolerate a VWC below container 
capacity without experiencing water stress, the substrate’s physical properties are less robust and the 
drier they become the more likely hydrophobicity will develop and reduce the amount of water the 
substrate can hold.  The substrate used in this experiment was hydrophobic when dried to 0.11 m3·m-3, 
reducing the amount of water the substrate held by 51% when irrigated again back to container capacity 
(Table 3.2).  The containers held an average of 2.25 kg less water at container capacity after drying, a 
36% decrease in total weight from 6.23 to 3.98 kg.  These results underscore the dramatic effect that 
even a single drying event can have on the ability of a substrate to serve as a water reservoir and the 
impact on the effectiveness of sensor-based automated programs. 
The presence of hydrophobic pockets in the substrate could have also contributed to the 
increase in sensor variation after the substrate was allowed to dry and subsequently rehydrated, 
observed in four out of five positions (Table 3.3).  The only position that sensor variation did not 
increase was 15 cm from the base, but was highest for vertical and diagonal placements.  Reducing 
sensor accuracy increases the chance that plants experience water stress from irrigation errors, 
decreasing crop quality and extending the production time.  Operating deficit-based irrigation would 
increase the probability of stress occurring from error because by definition it is operating closer to the 
wilting point and likely does not allow as much time for growers to recognize and correct an error as 
conventional irrigation.  Some placements also indicated the substrate was wetter than the 
gravimetrically determined 100% container capacity measured at the initiation and termination of the 
experiment, following rehydration.  Using overestimated values for an automated system that 
determined irrigation timing based on VWC would delay irrigation, allow the substrate to dry beyond 
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the point at which plants experience stress, and increase the risk of hydrophobicity.  While 
hydrophobicity can help explain the increase in variability, it does not explain the variation in container 
capacity values observed at the initiation of the experiment.  There does not appear to be any clear 
pattern in the differences of the five placements’ VWC readings from the actual gravimetrically-
determined VWC at initial 100% container capacity compared to the differences observed after drying 
and rehydration.  Whether this is due to heterogeneous water distribution and/or plant water uptake, 
these data seem to indicate variability in sensor-container systems limit the level of precision that can 
be obtained with sensor-reliant irrigation scheduling.   
Bilderback and Fonteno (1987) state that the combination of substrate and container effects 
determine the hydrologic properties and should always be considered as a unit and not as individual 
factors.  Both the unique physical characteristics of each substrate and the effects of container size and 
shape on hydraulic properties must be taken into consideration when utilizing sensors to measure 
substrate moisture content.  The bottom of a container acts similar to an impervious layer in soil and 
creates a perched water table, or zone of saturation, on the bottom of the container (Bilderback and 
Fonteno, 1987).  A hydraulic gradient forms above the water table with the substrate surface drier than 
deeper regions of the container profile (Bilderback and Fonteno, 1987; Daniels et al., 2012).  The height 
of the water table and subsequent gradient is highly variable and dependent on both the physical 
properties of the substrate and the container size and height.  As a result, the optimal height of sensor 
placement determined for this container/substrate combination is most likely not optimal in containers 
of different heights or different substrates in the same size container.  Therefore, further research is 
needed on the effects of substrate physical properties and container size and shape on accuracy of 
sensor position.  
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 All sensor positions proved to be accurate models of substrate moisture, but the vertical 
position is also the most practical placement for calibrating, installing, and removing at harvest.  While 
all placements were effective for this substrate and container dimensions, it may be different for other 
substrate-container combinations.  More research is needed to confirm if the vertical placement will 
consistently have the same relationship between sensor-measured and actual VWC in different 
containers and substrates.  Attention should also be paid to the effect of irrigation programs on 
substrate physical properties.  Using an irrigation system that allows substrates to dry excessively can 
decrease the water-holding capacity of the substrate, as well as decrease accuracy of sensor 
measurements.  Both reduced water-holding capacity and measurement accuracy can have drastic 
impacts on the effectiveness of conservative automated irrigation systems relying on consistent 
container capacity values and sensor measurements to schedule irrigation. 
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Appendix 
Table 3.1: Analysis of five sensor placements in an 11.4 L container.  The 5 cm, 10 cm and 15 cm from the base were inserted horizontally 
through a cut in the side; vertical and diagonal were inserted into the substrate surface.  Regression lines were calculated for the relationship 
between each sensor’s volumetric water content measurement and the gravimetrically calculated volumetric water content of the container. 
Slope, y-intercept, and r2 values shown are the mean values for each sensor placement.  n=40. VWCgrav= m·VWCsensor – b. 
Sensor position 
 
r
2  
 
Slope y-Intercept 
  
 
 
 
 
Horizontal 5 cm from base 
 
0.986 
 
0.836abz 0.101b 
  
 
 
 
 Horizontal 10 cm from base 
 
0.981 
 
0.888b 0.084ab 
  
  
 
 Horizontal 15 cm from base 
 
0.923 
 
0.739a 0.042a 
  
 
 
 
 Vertical 
 
0.986 
 
0.904b 0.117b 
  
 
 
 
 Diagonal 
 
0.980 
 
0.809ab 0.122b 
  
 
 
 
 P value   0.3612   0.0148 0.0012 
 
zMeans followed by the same letter were not significantly different (Tukey’s HSD α=0.05). 
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Table 3.2: Comparing actual, gravimetric VWC to sensor VWC readings for five sensor placements.  Plants were watered to container capacity, 
allowed to dry to wilting, 0.11 m3·m-3, and then rehydrated back to container capacity.  VWC was recorded for 100% container capacity at 
initiation, at the driest point when plants were wilting, and for 100% container capacity at termination of the experiment.  n=40. 
 
zPercent reduction in 100% container capacity values between initiation and termination of experiment.  The substrate was dried to 0.11 m3·m-3 
during the experiment before rehydration at experiment termination. 
yMeans in the same column followed by the same lowercase letter were not significantly different (Tukey’s HSD α=0.05). 
xMeans in the same row followed by the same uppercase letter were not significantly different (Tukey’s HSD α=0.05). 
  
  Stage of experiment     
Sensor position   
Initiation of 
experiment  
(m3·m-3)   
Wilting point 
(m3·m-3)   
Termination of 
experiment  
(m3·m-3)   
Decrease in 
container capacityz 
 (%)   P value  
Actual gravimetric VWC   0.49bAyx 
 
0.11cC   0.24bB   51   <.0001 
5 cm from base   0.50bA 
 
0.18abC   0.34aB   32   <.0001 
10 cm from base   0.51abA 
 
0.16abcC   0.32abB   37   <.0001 
15 cm from base   0.43cA 
 
0.12bcC   0.24bB   44   <.0001 
vertical    0.55aA 
 
0.20aC   0.39aB   29   <.0001 
diagonal   0.52abA 
 
0.20aC   0.38aB   27   <.0001 
P value   <.0001 
 
<.0001   <.0001   ---     --- 
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Table 3.3: Variation in sensor VWC readings calculated as the average difference between sensor readings and gravimetric VWC at 100% 
container capacity.  Five sensor placements were evaluated both at the initiation of the experiment and at termination following rehydration.  
Containers were watered to container capacity, allowed to dry to an average of 0.11 m3·m-3, and then rehydrated to container capacity.  n=40. 
Sensor position   
Beginning of experiment 
(m3·m-3)    
Termination after rewetting 
(m3·m-3)    P value  
5 cm from base   0.06Bz   0.11abAx   0.0292 
10 cm from base   0.04B   0.09abA   0.0008 
15 cm from base   0.07A   0.07bA   0.9111 
vertical    0.07B   0.15aA   0.0008 
Diagonal   0.05B   0.14aA   <.0001 
P value   0.1066   0.0067     
  
z
Means in the same row followed by the same uppercase letter were not significantly different (Tukey’s HSD α=0.05). 
x
Means in the same column followed by the same lowercase letter were not significantly different (Tukey’s HSD α=0.05)
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Figure 3.1: The positions and orientations of the five sensor placements: 1) 5 cm from base 2) 10 cm 
from base 3) 15 cm from base 4) vertical at the surface 5) 45° diagonal at the surface. 
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Figure 3.2:  Regression lines representing the relationship between capacitance sensor measurement 
and actual volumetric water content for five sensor placements.  Actual volumetric water content was 
determined gravimetrically.  Placements tested were measured 5 cm, 10 cm and 15 cm from the base of 
the container and inserted horizontally through a cut in the side as well as vertical and diagonal 
insertions into the surface of the substrate.  Equations of the lines are as follows where y=sensor-
measured VWC (θ) and x=gravimetrically determined VWC: 5 cm from base y=0.836x-0.101, 10 cm from 
base y=0.888x-0.084, 15 cm from base y=0.739x-0.042, vertical y=0.904x-0.117, and diagonal y=0.98x-
0.122.  For comparison, the perfect relationship is shown as a solid line: slope=1, y-intercept=0, and 
r
2=1. 
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Chapter 4 
Comparing Substrate Moisture-Based Daily Water Use and On-Demand Irrigation 
Regimes for Oakleaf Hydrangea Grown in Two Container Sizes 
  
61 
 
 
Abstract 
Independently controlled irrigation plots were designed to test two container nursery irrigation 
regimes on oakleaf hydrangea (Hydrangea quercifolia ‘Alice’) in both nursery and controlled greenhouse 
environments.  The experiments were conducted in both 3.8 and 11.4 L containers.  Plants were 
automatically irrigated by one of two soil moisture sensor-based regimes: 1) a daily water use (DWU) 
system that delivered the exact amount of water that had been lost in the previous 24 h and 2) an On-
Demand (OD) irrigation system based on a specific substrate moisture content derived from the 
relationship between substrate moisture and photosynthetic rate.  In this system, irrigation was applied 
when the substrate moisture level fell below 33% container capacity, which corresponded to 90% 
maximum predicted photosynthetic rate.  Both treatments delivered the volume of water required to 
return the containers to container capacity by overhead irrigation except that the DWU system was 
static, irrigating once per day, while OD was dynamic and irrigated whenever the substrate moisture 
reached the 33% threshold level.  Gas exchange was measured at the driest point prior to the next 
irrigation event.  Periodical growth index, water use, and final dry weight were recorded.  OD generally 
used less water than DWU and had either no or a positive impact on biomass in all but one trial.  For 3.8 
L plants, photosynthesis and gas exchange were consistently greater when irrigated by the OD program.  
Both treatments used significantly less water than the industry standard of 2.5 cm per day.  This 
research demonstrated that both DWU and OD are a dramatic improvement over conventional 
irrigation scheduling and could be adopted as conservative irrigation systems for nursery production.   
Keywords: water deficit, capacitance sensors, conservative irrigation, nursery crops, photosynthesis 
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Introduction 
Water scarcity is a growing concern across the globe and is projected to become more severe 
due to increases in population growth, urbanization, and per capita consumption as well as changing 
water availability due to climate change (Food and Agricultural Organization of the United Nations, 
2007).  Irrigation withdrawals account for over 70% of all freshwater used (Food and Agricultural 
Organization of the United Nations, 2007) and produce over 40% of the world’s food supply (Turral et 
al., 2011).  This shows the vulnerability of agriculture to water scarcity, but it also highlights how 
improvements in irrigation could have a large impact on reducing overall agricultural water use and 
preventing water scarcity.  Nursery irrigation is particularly inefficient and modifying irrigation practice is 
necessary as legislation continues to tighten restrictions on water use.  Florida, California, Texas, and 
Oregon are just a few examples of major nursery states that now face irrigation restrictions (Ackerman 
and Stanton, 2011; Beeson, et al. 2004; Beeson and Brooks, 2008; Houston et al., 2003; Marella and 
Burndt, 2005; State of Oregon, 2013).   
The most common form of irrigation found in nursery production is overhead sprinklers 
controlled by timers.  Overhead irrigation is extremely inefficient with over 20% of applied irrigation 
missing the substrate surface under ideal conditions with no wind (Beeson and Knox, 1991).  Using static 
timers for control does not account for day-to-day changes in plant water requirements, often over-
irrigating and reducing water use efficiency compared to calculating and returning the substrate to 
container capacity (Warsaw et al., 2009).  Water lost from excessive leachate and from increasing plant 
spacing further reduces overhead efficiency, with realistic efficiencies typically between 15 to 30% 
(Beeson and Knox, 1991; Weatherspoon and Harrell, 1980).  Most of the excess water is lost as nutrient 
and pesticide laden runoff that pollutes waterways (Bilderback, 2002; Keese et al., 1994).  There are 
many production benefits that can be obtained from refining irrigation scheduling, which encompasses 
both volume applied and timing.  Refined irrigation systems minimize water and nutrient loss in runoff, 
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which decreases production costs and reduces environmental impact of commercial nurseries (Lea-Cox 
et al., 2011).  Over-irrigation can harm a crop, however, production time and crop losses from disease 
can be reduced with accurate irrigation.  Chappell et al. (2012) showed that the production cycle of 
common gardenia (Gardenia jasminoides Ellis) was reduced by 6 months and typical crop losses of 20-
30% were reduced to zero using precision irrigation.  Warsaw et al. (2009) calculated and applied the 
water lost the previous day resulting in a 27-70% decrease in water use without impacting plant growth 
on a range of taxa.  A commercially acceptable irrigation system that would take advantage of these 
benefits would need to be developed using the following guidelines.  It must be: 1) be simple; 2) easily 
configured to a large number of crops; 3) accurately estimate water use to prevent over and under 
irrigation (thus conserving water and minimizing leaching); 4) not increase production time compared to 
current irrigation scheduling; and 5) have the ability to be automated (Fulcher et al., 2012).   
There are a number of strategies to refine irrigation such as grouping plants according to water 
needs, using cyclic irrigation, and decreasing plant spacing (Beeson and Knox, 1991; Grant et al., 2009; 
Warren and Bilderback, 2005).  While these systems reduce water use, they are rudimentary strategies 
to correct egregious over-application and fall short of expectations for a truly efficient system.  Basing 
irrigation systems on physiological responses shows great potential for meeting the guidelines stated 
above while maximizing efficiency by adjusting to the daily changes in evapotranspirational demand.  It 
is difficult to use physiological responses, such as wilting, to determine irrigation scheduling because 
responses often occur only after plant growth is affected (Jones, 2004; Slatyer, 1967).  Irrigation must be 
triggered before the plants are stressed for the system to be effective.  An alternative is equation-based 
irrigation that relies on physiological responses to predict the correct irrigation time and volume, as 
opposed to programs that are controlled and respond directly to real-time physiological measurements.  
Automated irrigation systems have been developed for orchards and vineyards using equations based 
on sap flow (Green et al., 2006; Fernández et al., 2008a; Fernández et al., 2008b) and stem diameter 
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(Doltra et al., 2007; Velez et al., 2007).  However, these physiological measures work effectively on 
plants with a single trunk and no low branches, but they are ill-suited for many nursery species with 
multi-stemmed or prostrate stem architecture.  Other physiologically-based irrigation systems have 
shown promise in determining when plants need irrigation based on infrared thermometry or thermal 
imagery (Diaz-Espejo and Verhoef, 2002; Jones, 1999, 2004; Martin et al., 1994), but these lack the 
ability to determine the volume to apply and are not readily adapted for crops without a closed canopy.  
The system developed by Fulcher et al. (2012) and examined in this experiment would be the first 
physiologically based system for container nursery crops that automates both aspects of precision 
irrigation scheduling: timing of irrigation and volume of water needed.  The objective of this experiment 
was to compare a physiologically-based, on-demand irrigation regime with a daily water use 
replacement regime:  Irrigating plants when they reach a certain dryness threshold based on the 
relationship between photosynthesis and substrate moisture content regardless of time of day (On-
Demand), and replacing water lost in the previous 24 h at a specified time (daily water use). 
Materials and Methods 
 This research consisted of a series of experiments testing physiologically-based and daily water 
use irrigation systems, as described below, in both outdoor nursery and controlled environment 
settings.  All trials tested these irrigation systems on Alice oakleaf hydrangea (Hydrangea quercifolia 
Bartr. ‘Alice’).  Two container sizes (3.8 L and 11.4 L) were used in Lexington, Kentucky (38.105°N, -
84.486°W) and Knoxville, Tennessee (35.946°N, -83.939°W), respectively.   Trials were conducted in both 
nursery and greenhouse production settings in both locations.  
Irrigation systems 
Root proliferation was periodically monitored in a cohort of plants that were not included in the 
experiment to determine root establishment.  Plants were hand watered until roots reached the 
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container sidewall.  Once the roots reached the sidewall, irrigation was controlled by an automated 
system.  Substrate moisture levels were measured and controlled using dielectric capacitance sensors 
(ECHO-5, Decagon Devices Inc., Pullman, WA) connected to a datalogger (CR1000, Campbell Scientific 
Inc., Logan, UT) with a multiplexer (AM16/32, Campbell Scientific Inc.) and a 16-channel relay controller 
(SDM-CD16AC, Campbell Scientific Inc.) to operate solenoid valves.  Volumetric water content (VWC) 
values were calculated from mV output and sensor-specific calibration equations in the program 
(Appendix I).  One capacitance sensor per container was installed halfway between the base of the plant 
and the container sidewall.  Sensors were oriented vertically with the broad side of the sensor facing the 
plant stem and inserted into the substrate so that the sensor overmold/wire junction was 2.5 cm below 
the surface of the substrate.  The VWC of each irrigation zone was calculated by averaging values from 
three sensors per zone.  The datalogger measured VWC every minute and recorded 15-min averages.  
Water use over the course of the experiment was calculated for each zone based on the amount of time 
each solenoid remained open and the flow rate, calculated by measuring the volume of water captured 
in pans during timed trials.  A rain gauge was wired to the datalogger for local precipitation data. 
The two irrigation systems developed for this experiment were On-Demand (OD), a system with 
a physiological basis, and daily water use (DWU).  Both programs calculated the difference between the 
instantaneous VWC and container capacity and applied the exact water volume required to return the 
substrate to 100% container capacity.  The main difference between the two systems was the static 
timing for initiation of irrigation in DWU versus dynamic irrigation scheduling for OD.  In OD plots, 
irrigation was triggered instantaneously when the average sensor reading fell below 0.33 m3·m-3 
volumetric water content.  This value was chosen based on a preliminary experiment that recorded 
repeated measurements of photosynthetic rate in plants as the substrate became drier (Fulcher et al., 
2012) (Appendix III).  A sigmoidal curve best described the relationship between photosynthetic rate and 
VWC.  The selected irrigation set point, 0.33 m3·m-3, corresponded to the substrate moisture level that 
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supported photosynthesis at 90% of maximum predicted photosynthetic rates (Fig. 4.1, see Appendix).  
Our hypothesis was that maintaining photosynthetic rate at 90% or greater of maximum rates, growth 
would not be reduced but substantial water savings could be achieved.  Triggering irrigation only when 
the substrate reached this set point allowed for flexibility in irrigation timing; plants were automatically 
watered as many times as necessary on high water use days (high evapotranspirational demand), and 
irrigation was withheld on days of low water use.  DWU was irrigated on a static 24-h cycle.  Daily water 
use during the previous 24-h cycle was calculated as the difference between 100% container capacity 
and the instantaneous VWC measured immediately prior to irrigation.  The program multiplied the VWC 
difference by the container volume and divided by the irrigation flow rate to calculate irrigation time.  
Examples of irrigation scheduling for each program can be seen in Figure 4.2.  Container capacity was 
determined in preliminary experiments to be 0.53 m3·m-3 for the Kentucky greenhouse study and 0.50 
m3·m-3 for all other studies.  For DWU, an afternoon irrigation time of 1 PM was chosen to allow 
photosynthetic measurements during the time of day with maximum light intensity.  Irrigating in the 
afternoon ensured that photosynthesis could be measured before irrigation, at the DWU treatment 
plants’ driest point, as it was for OD plants.  
For the outdoor experiments, irrigation zones consisted of twelve independently controlled, 
square irrigation plots of 3.05 m2, constructed from 1.9 cm PVC pipe (standard ¾”) allowing for 0.76 m 
between each zone.  Irrigation was applied with four overlapping sprinklers (Toro® 570 Shrub Spray, The 
Toro Co., Riverside, CA) per irrigation plot.  Emitters were mounted on 1.3 cm diameter risers at a height 
of 66 cm.  There were three replicate irrigation zones and treatment combination for a total of six zones.  
Controlled environment irrigation systems were different and described for each location below. 
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Outdoor Experiment  
Tennessee 
 Oakleaf hydrangea rooted cuttings (10.2 cm Spring Meadows Nursery, Grand Haven, MI) were 
potted into 11.4 L plastic containers on 17 Mar. 2011 and 8 Mar. 2012 (C1200, Nursery Supplies Inc., 
Fairless Hill, PA) with a 85 pine bark : 15 peat moss (by volume) substrate mix (Renewed Earth, Inc., 
Kalamazoo, MI).  One week after transplanting, plants were top-dressed with 19N-1.75P-11.6K, 5-6 
month  controlled release fertilizer with micronutrients (Polyon®, Harrell’s Inc., Lakeland, FL) at 53 g per 
container (medium label rate).  A wetting agent (Aquagro® L, Aquatrols, Paulsboro, NJ) was applied as a 
drench of 600 mg/L the second year two weeks after planting to ensure even wetting of the substrate.  
Eight plants (subsamples) were placed in the center of each irrigation zone in staggered rows of 3-2-3 
with 15.25 cm between container sidewalls.  Border plants of the same species were spaced around the 
perimeter of the containers in the experiment to mitigate edge effects.  
Leachate was captured with 25.4 cm drip pans (Curtis Wagner Plastics Corp., Houston, TX) on 
two plants per irrigation zone.  The leachate pans were shielded from the overhead irrigation by an 
inverted 11.4 L plastic container with the bottom removed.  EC and pH measurements were recorded 
every other week.  Gas exchange and leaf water potential measurements were taken during the 
following time periods for 2011: 23-30 Aug., 31 Aug.-6 Sept., 13-20 Sept., and 27 Sept-4 Oct.  Time 
periods for 2012 were as follows: 15-21 July, 22-24 July, 25-29 July, 19-25 Aug., 1-20 Sept., and 25 Sept.-
11 Oct.  Experiments were conducted from 18 Aug.-3 Oct. 2011 and 27 June-16 Oct. 2012.    
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Kentucky 
On 15 May 2011, rooted cuttings of oakleaf hydrangea were potted into 3.8 L plastic containers 
(C400, Nursery Supplies Inc.) using the same substrate described for Tennessee.  One week after 
transplanting, plants were top-dressed with 19.0N–2.2P–7.5K controlled release fertilizer with 
micronutrients (HFI Topdress Special, Harrell’s Inc.) at 11 g per container (medium label rate).  Fifteen 
plants were placed in the center of each zone.  Border plants of the same species were spaced around 
the perimeter of the containers in the experiment to mitigate edge effects.  EC and pH measurements 
were recorded biweekly.  Gas exchange and leaf water potential measurements were taken during the 
following time periods for 2011: 29 Aug., 31 Aug., and 12 Sept.  The Kentucky nursery trial was 
conducted from 6 Sept.-7 Oct. 2011. 
Controlled Environment Experiment 
Tennessee 
 Oakleaf hydrangea rooted cuttings were potted as previously described into standard 11.4 L 
containers (C1200, Nursery Supplies Inc.) on 20 Jan. 2012 and 25 Oct. 2012 then grown in a controlled 
greenhouse environment.  Supplemental 1000W HID lights were used to maintain light intensity at 
1000-1400 PAR for 12 h per day.  They were grown as previously described until their roots reached the 
side walls of the container.  
Independent irrigation lines were constructed in a greenhouse using solenoids (D2 Model 75-2-
T-E, Dorot® Control Valves, Fresno, CA) and polyethylene tubing.  Each plant was irrigated with 
individual dribble rings (10” dribble rings, Dramm Corp., Manictowoc, WI).  One ring was placed in each 
container equidistant from the container sidewall.  Each time all OD plots were irrigated, all plants were 
hand fertilized with 500 mL of 400 mg/L of 20N-8.7P-16.6K (Peters Professional® General Purpose 20-20-
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20, Scotts Sierra Horticultural Products Co., Marysville, OH) and 100 mg/L wetting agent (Aquagro® L, 
Aquatrols).  The fertilizer treatment was applied after all OD plots had been triggered at least once, 
ensuring that all zones received fertilizer at the same frequency.  
Leachate traps were built from 25.4 cm plastic drip pans and 3/8” aquarium tubing that drained 
into 2 L plastic soft drink bottles under the greenhouse benches.  Sections of 10.1 cm diameter PVC cut 
7.5 cm long (standard 4”) were placed in the drip pans to prevent the containers from sitting in leachate.  
Leachate was captured and measured daily for all plants.  Gas exchange and leaf water potential 
measurements were taken during the following time periods when the experiment was initially 
conducted: 6-11 May, 20-24 May, 27 May-1 June, and 2-4 June, 2012 and during the following periods 
when it was repeated; 13-17 Dec., 18-23 Dec., 24-27 Dec., and 28 Dec. 2012-4 Jan. 2013.  EC and pH 
measurements were recorded at the termination of the experiments.  There were three replicate 
irrigation zones per treatment and each zone contained a single row of six plants (subsamples). 
Greenhouse trials were conducted from 19 Apr. to 4 June 2012 and 21 Dec. 2012 to 9 Jan. 2013.   
Kentucky 
 Oakleaf hydrangea were potted in 3.8 L containers (C1200, Nursery Supplies Inc.), top-dressed 
with 19.0N–2.2P–7.5K controlled release fertilizer with micronutrients (HFI Topdress Special, Harrell’s, 
Inc.) at 11 g per container (medium label rate), and were placed in a controlled environment greenhouse 
under 400 W HPS lights (P.L. Lightsystems, Beamsville, ON, Canada) on a 12 h photoperiod.  The 
experiment was conducted from 8 Nov. 2011 to 2 Jan. 2012.  There was one irrigation line per treatment 
with ten plants per treatment; individual plants were treated as replicates.  The containers were 
irrigated by angle drip stakes via pressure compensating emitters (MOD 4, Netafim, Fresno, CA).  Gas 
exchange was measured on five plants per zone as opposed to the three described for the othertrials; 
otherwise, data collection methods were similar.  Gas exchange and leaf water potential measurements 
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were taken on 4, 7, 9, 10, 11, 15, 16, and 17 of December.  EC and pH measurements were recorded 
weekly.   
Data Collection 
Photosynthesis, leaf temperature, stomatal conductance, transpiration, and vapor pressure 
deficit were recorded during the trials using an infrared gas analyzer (LI-6400, LI-COR, Lincoln, NE) at 390 
ppm CO2 and light intensity at 2000 µmol·m
-2·s-1 on the second fully expanded, most recently matured 
leaf of the three plants (subsamples) within each irrigation zone that contained capacitance sensors.  
These measurements were only taken when the VWC of the OD treatments was within 5% VWC of the 
lower irrigation set point, and when it was between 10 AM and 2 PM to ensure light conditions supported 
maximum photosynthetic rates.  Petiole water potential of the second fully expanded, most recently 
matured leaf was measured immediately following photosynthetic measurements on three plants 
(subsamples) per plot using a pressurized chamber (Soil Moisture Equipment Corp., Santa Barbara, CA).  
Because the process required destructive harvesting, plants chosen for water potential measurements 
were rotated to limit the defoliation to which each individual plant was subjected.  Electrical 
conductivity (EC) and pH measurements of the Tennessee 2012 greenhouse experiment were recorded 
immediately following an irrigation event using a paste extract method (U.S. Salinity Laboratory Staff, 
1954) with a portable meter (HI 9811-5, Hanna Instruments, Smithfield, RI).  Measurements in all other 
experiments followed the pour through method described by Wright (1986).  
Growth index was determined at the termination of the experiment using the formula [(plant 
width A + plant width perpendicular to plant width A + plant height)/3].  Plant height was measured 
from the base of the plant at the substrate surface to the most distal growth without altering the natural 
arch of the branches.  Plant width was measured at the widest plant span and a second measurement 
was taken perpendicular to that line, without altering the natural branch architecture.  Leaf width was 
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measured on the largest leaf of each plant at the widest point perpendicular to the midrib.  Plant foliar 
quality ratings were assigned on a scale of 1-4.  Leaves from the experiment were selected to develop 
the leaf rating scale where 1=yellowing leaves, blade below 10 cm in length, 2= yellow-green leaves with 
length between 10-15 cm, 3=green leaves with length between 15-20 cm, and 4=dark green leaves 
above 20 cm in length.  Plant architecture was rated on a scale of 1-5 as: 1= architecture not 
symmetrical, no upright growth, sparse foliage, 2= not symmetrical, some upright growth, somewhat 
dense foliage with large gaps in the canopy, sparse, 3= slightly symmetrical, some upright branches, 
moderately dense foliage with some gaps in the canopy, and 4= mostly symmetrical and upright growth, 
canopy at least 85% full (gaps in foliage <15%), 5= symmetrical, upright form, foliage uniformly full and 
dense.  For dry weight measurements, the above ground portion of each plant was harvested at ground 
level and roots were gently hand-washed of substrate.  Roots and shoots were dried separately in an 
oven at 55°C until there was no change in mass (approximately three days).  To estimate water use 
efficiency (WUE) per plant, the total dry weight was divided by total water volume applied, including 
precipitation.   
 One of two irrigation regimes was assigned to each zone in a completely randomized design for 
all experiments.  Data were analyzed separately for each season, environment, and location.  All data 
were subjected to an analysis of variance and mean separation (Tukey’s HSD α=0.05) using the PROC 
MIXED procedure in SAS® version 9.3 (SAS Institute Inc., Cary, NC).  Individual plants were treated as 
subsamples and irrigation zones as replicates.  Gas exchange, nutrient, and pH data were analyzed as 
repeated measures.   
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Results 
In 2011, photosynthesis and stomatal conductance of OD were greater than DWU in 3.8 L plants 
both outside and in controlled environment experiments (Tables 4.1 and 4.2). Photosynthesis of OD and 
DWU were 10.6 compared to 8.5 µmol CO2 m
-2·s-1 outdoors and 10.7 µmol CO2 m
-2·s-1 compared to 8.2 
µmol CO2 m
-2·s-1 in the controlled environment.  Stomatal conductance of OD and DWU were 0.108 
compared to 0.092 mol H20 m
-2·s-1 outside and 0.142 compared to 0.107 mol H20 m
-2·s-1 in the controlled 
environment.  For 11.4 L containers, photosynthesis and stomatal conductance were not different in any 
experiments (Tables 4.1 and 4.2), and neither was leaf water potential or vapor pressure deficit.  Leaf 
petiole water potential, transpiration, and vapor pressure deficit did not differ for either container size 
in either location.  
In 2011, outdoor OD dry weight of 3.8 L containers, 24.0 g, was greater than DWU, 22.9 g, but 
growth index was not different (Tables 4.3 and 4.4).  In the controlled environment, OD had greater 
biomass and growth index than DWU for 3.8 L plants, 35.3 g versus 29.8 g and 62.8 cm versus 52.1 cm, 
respectively.  In 2011 outside 11.4 L containers, dry weight and growth index of OD, 121 g and 60.6 cm,  
were less than DWU, 161 g and 70.9 cm respectively, but were not different in 2012 or controlled 
environment 11.4 L experiments (Tables 4.3 and 4.4).  Electrical conductivity and pH were not different 
in all trials, with the exception of 11.4 L DWU plants having a greater pH in controlled environment 
experiments in 2012 (Tables 4.3 and 4.4).  Foliage quality, plant architecture, and leaf diameter were not 
measured for 3.8 L trials.  Foliage quality in outside trials was not different between OD and DWU; 2.8 
and 3.4 in 2011 (P value=0.0941) and 2.6 and 3.1 in 2012 (P value=0.3046).  Plant architecture ratings in 
outside trials was also not different, 3.5 and 2.8 for OD and DWU in 2012 (P value=0.1479).  All plants in 
greenhouse trials received a 4 rating for foliage quality and 5 for plant architecture during both years.  
Leaf diameter also did not differ between OD and DWU; 14.4 versus 16.3 cm in the 2011 outside trial, 
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27.5 versus 27.4 cm for 2012 controlled environment, and 24.4 versus 25.6 cm for 2012-2013 controlled 
environment (P values =0.1779, 0.9031, and 0.6936, respectively). 
WUE and total water use were affected by irrigation treatment.  In the outdoor environment, 
OD irrigation reduced water consumption and increased WUE for both container sizes with the 
exception of 11.4 L plants in 2012, when WUE was not different (Table 4.5).  Total water use of OD zones 
in 11.4 L containers was less than DWU outside in both 2011, 20.5 compared to 43.9, and 2012, 5.0 
compared to 37.6 L (Table 4.5).  Water use of OD in outside 3.8 L containers was also less than DWU, 4.7 
and 8.1 L respectively.  WUE was greater for OD in 11.4 L containers, 5.9 g/L, than DWU, 3.8 g/L, in 2011 
but was not different in 2012.  WUE for OD was also higher than DWU in outside 3.8 L containers; 7.4 
g/L compared to 3.7 g/L.  Greenhouse results were inconclusive; irrigation treatment didn’t affect water 
consumption or WUE in 2012 for 11.4 L plants, but in 2012-13 OD treatment increased water 
consumption 74% and reduced WUE 81% (Table 4.6).  Conversely, for 3.8 L containers in the controlled 
environment, WUE of OD was greater than DWU, 2.8 compared to 1.7 g/L (Table 4.6).  Total leachate 
volume was not different for any experiment in which it was measured.  Leachate per irrigation event 
was only different for 3.8 L containers in the outdoor environment in 2011 (Table 4.5) in which OD 
increased leachate compared to DWU, 346 ml and 290 ml, respectively.  Precipitation days were defined 
as days when at least 7 mm of precipitation was recorded.  Rainfall was recorded by weather stations 
located on site at each of the research facilities.  In Tennessee, precipitation occurred on 5 of 46 days 
(11%) in 2011 and 20 of 112 days (18%) in 2012 amounting to a total of 202 and 520 mm, respectively.  
In Kentucky, precipitation occurred on 13 of 32 days (41%) for a total of 151 mm. 
Discussion 
 There were distinct differences in how the irrigation systems performed in different production 
environments and container sizes.  In 3.8 L containers, OD performed better than DWU with higher gas 
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exchange rates and biomass while simultaneously reducing water use and increasing efficiency in both 
outdoor and controlled environments.  In 11.4 L containers the results were not conclusive.  Total water 
use of OD was less than DWU in outdoor experiments, but growth index and biomass of DWU was 
greater.  In controlled environment trials, there was greater water use for OD or no difference was 
observed (Tables 4.5 and 4.6).  Foliage quality, leaf diameter, and plant architecture were not impacted 
in 11.4 L containers and were not evaluated in 3.8 L containers.  While plants are likely to grow to a 
smaller size in a smaller container and larger in a larger container, smaller containers hold less water 
and dry out quicker, especially for a hydrophilic plant such as oakleaf hydrangea.  The 11.4 L containers 
hold more water and appear better able to serve as reservoirs, even though plants are generally much 
larger.  This resulted in more frequent irrigation for the OD treatment in 3.8 L containers than in 11.4 L, 
which may explain the differences in OD performance between the two sizes.  For 11.4 L plants, DWU 
was not different (outside 2012 and greenhouse both years) or had higher (outside in 2011) biomass 
compared to OD (Tables 4.3 and 4.4).  DWU had 104% greater mass in 2012 but was not significant 
(SE=13.2), likely due to hail damage in July causing high variability compared to 2011 (SE=9.4).  However, 
greater biomass did not correspond to higher photosynthetic rates in 11.4 L plants (Table 4.1).  Taiz and 
Zigler (2002) describe how photosynthesis is less sensitive to moisture deficit than growth because it 
isn’t turgor dependent, unlike cell growth and expansion, which may explain the difference in results.   
The greatest difference observed between treatments was in water consumption.  In outside 
experiments, DWU used 72 to 751% more water and decreased WUE by 36 to 65% in both container 
sizes (Table 4.5).  Leachate per event was affected by the irrigation treatment in one experiment, but 
leachate volume was not different in the six other experiments conducted in this study.  The benefit of 
using the OD irrigation system outside may be due to a combination of OD generally irrigating less 
frequently than DWU and the delivery method of the irrigation.  OD treatments were irrigated 35% less 
frequently than DWU treatments when looking at both environments and container sizes.  Typical 
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examples of the two treatments showing the irrigation frequency are shown in Fig. 4.2.  Because 
overhead irrigation has inherent application inefficiency, a large amount of water is lost due to non-
uniform distribution and evaporation during application.  Every irrigation event is wasteful, so more 
frequent irrigation events associated with DWU treatments would lead to greater water losses (Beeson, 
2006).  Fulcher et al. (2012) used a similar OD irrigation system that returned plants to container 
capacity after reaching a physiologically-based lower irrigation set point and found water use was 
reduced more when plants were irrigated less frequently with a greater volume than more frequently 
with a lesser volume.  Total water use and WUE results in the controlled environment experiments were 
less definitive with no effects observed in 11.4 L plants during 2012, OD increased consumption 74% and 
decreased WUE 81% compared to DWU in 2012-13 11.4 L containers, and in 3.8 L, DWU had 65% 
greater WUE than OD.  A possible factor that explains the differences observed between outdoor and 
indoor experiments was irrigation method.  Outside trials used overhead irrigation whereas greenhouse 
trials used drip irrigation.  As percent container capacity decreases, WUE of plants has been shown to 
increase with use of overhead irrigation (Karam and Niemiera, 1994) but decrease under micro-
irrigation (Lamack and Niemiera, 1993).  Drip irrigation applies water to the substrate surface, which 
minimizes losses due to poor application uniformity and may negate the benefits of using the OD system 
observed with overhead irrigation. 
Differences in water use may also be explained by the hydraulic properties of the substrate.  The 
substrate appeared to become hydrophobic on the surface over the course of the 11.4 L greenhouse 
experiments, not allowing the OD containers to reach 100% container capacity when irrigated.  The 
hydrophobic tendencies of pine bark substrates have previously been described by Beardall and Nichols 
(1982), Lamack and Niemiera (1993), and others.  Hydrophobicity was not observed in outdoor 
experiments, likely due to frequent rainfall and irrigation application method.  Neither was it observed 
in 3.8 L containers grown in a controlled environment, most likely because they depleted the water 
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reserve more quickly, triggering irrigation on average every 1.3 days compared to 2.1 days for 11.4 L 
containers.  Because the OD 11.4 L containers were irrigated less frequently, especially during the 
beginning of the experiment, the increased time between events caused the substrate to become 
hydrophobic and increased channeling.  Ring emitters were used in an attempt to mitigate this effect, 
but the substrate still became hydrophobic.  This highlights the importance of selecting an appropriate 
irrigation set point for each substrate.  The plants may be able to tolerate lower substrate moisture 
levels, but if the substrate cannot fully rehydrate, a higher set point is needed to maximize WUE and 
prevent the substrate from becoming hydrophobic.  Despite the hydrophobicity that developed in some 
experiments, OD demonstrated the ability to attenuate irrigation to plant water requirements.  The OD 
program was able to withhold irrigation on days when substrate moisture was acceptable, and irrigate 
multiple times on days of high evapotranspirational demand.  Although multiple irrigation events in one 
day were only required a few times late in the season, this potentially prevented decrease of turgor 
pressure below the point at which growth ceases, or yield threshold (ϒ), and the ensuing reduction in 
final biomass.   
Large differences in water use and crop size were observed between 2011 and 2012 in 11.4 L 
nursery trials.  It is hypothesized that the smaller size of plants, reduced water use, and high level of 
variability in the results of 2012 were the consequences of hail damage in July.  Many of the damaged 
plants were stunted to varying degrees, likely reducing water use.  OD plants recovered more poorly 
than DWU, as evidenced by the biomass and growth index.  As expected, plants grown in all other 11.4 L 
trials were larger than 3.8 L plants, whereas the OD treatment in the 2012 nursery experiment produced 
plants whose size were comparable to those in 3.8 L trials.  Water use of 3.8 L plants was also noticeably 
lower in 2011 compared with other trials, but this was likely due to a shorter experimental period and 
timely precipitation.  Frequent rainfall can enhance a conservative irrigation regime’s ability to reduce 
water use.  Precipitation provided a significant portion of water to nursery plants so total irrigation 
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applied in between controlled environment and the 2012 nursery experiment was similar, despite these 
nursery trials lasting for approximately twice as long.  Precipitation was so frequent that substrate 
moisture only fell below the set point once each for two of three 2012 OD zones in 11.4 L containers.   
 The differences between 3.8 and 11.4 L experiments and the differences between greenhouse 
and outdoor settings indicate that in general, there is no clear advantage to biomass, quality, or growth 
from using either irrigation system.  However, it appears that utilizing the OD system with a lower VWC 
set point based on 90% maximum predicted photosynthesis is a generally conservative irrigation regime, 
especially outdoors.  Assuming 1” per day is applied using traditional static irrigation timing at similar 
flow rates to Tennessee experiments, plants would receive 1197 mL and 463 mL of water per day for 
11.4 L and 3.8 L containers, respectively.  Both systems showed an improvement over traditional 
irrigation timing with average water use of OD and DWU lower than the estimated water use of 
conventional irrigation by 63 and 56%, respectively, in 11.4 L containers (433 and 521 mL per day), and 
57 and 36% in 3.8 L containers (241 and 350 mL per day). 
Conclusion 
 Future research should examine how to best adapt conservative irrigation regimes 
developed through research to actual production nurseries.  An automated irrigation system that 
irrigates precisely when plants require water and applies the exact amount needed can reduce water 
use, crop losses, and time to marketability, especially for sensitive crops (Chappell et al., 2012).  In these 
studies, neither treatment performed consistently superior in all trials.  The lack of consistent results 
across different environments and container sizes indicate that the best irrigation program may be 
different for different environments, container sizes, or types of irrigation application systems, and 
effectiveness can be limited by substrate physical properties such as hydrophobicity.  The results of 
these experiments indicate that plant growth may be negatively affected at the VWC chosen as the set 
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point for OD in this experiment, but other research suggests using a slightly greater VWC set point to 
trigger irrigation could eliminate these negative consequences while preserving most of the water 
savings (Fulcher et al., 2012; Nemali and van Iersel, 2006; van Iersel et al., 2010).  Overall, a 
physiologically-based OD system predicated on the relationship between photosynthesis and VWC 
shows great potential for outdoor nurseries.  However, both DWU and OD are a dramatic improvement 
over the industry standard of 1” per day, and could be adopted as conservative irrigation systems.  This 
research has shown that automated irrigation systems have the potential to precisely estimate daily 
water use and irrigate without over or under applying or extending the production time.   
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Appendix 
Table 4.1: Photosynthesis and gas exchange measurements for ‘Alice’ oakleaf hydrangea grown in an outdoor nursery in 3.8 and 11.4 L 
containers in Kentucky and Tennessee respectively, to compare two different irrigation systems, daily water use (DWU) and On-Demand (OD).  
n=12. 
Year  
Container size 
(L) 
 
Photosynthetic 
rates  
(μmol CO2 m
-2·s-1) 
 
Transpiration  
(mmol H2O m
-2·s-1) 
 
Stomatal 
conductance  
(mol H20 m
-2·s-1) 
 
Leaf petiole 
water potential  
(MPa) 
 
Vapor pressure 
deficit  
(kPa) 
  
  
 
 
 
 
 
 
 
 
 
2011  11.4           
  Daily Water Use 
 
11.4z 
 
2.98 
 
0.13 
 
-0.54 
 
2.21 
  On-Demand   9.6   2.3   0.105   -0.64   2.46 
  P value 
 
0.44 
 
0.428 
 
0.665 
 
0.237 
 
0.1073 
  
           2012  11.4           
  Daily Water Use 
 
8.6 
 
2.37 
 
0.161 
 
---y 
 
3.59 
  On-Demand   7.4   2.51   0.106   ---   2.59 
  P value 
 
0.2879 
 
0.5739 
 
0.0821 
   
0.2458 
  
           2011  3.8 
            Daily Water Use 
 
8.5b 
 
2.83 
 
0.092b 
 
-0.67 
 
2.43 
  On-Demand   10.6a   2.87   0.108a   -0.63   2.53 
  P value 
 
<0.0001 
 
0.2911 
 
0.0001 
 
0.251 
 
0.5113 
  
zMeans followed by the same letter were not significantly different (Tukey’s HSD α=0.05). 
yData were not collected. 
Tennessee trials were conducted 18 Aug.-3 Oct. 2011 and 27 June-16 Oct. 2012; the Kentucky trial was conducted 6 Sept.-7 Oct. 2011. 
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Table 4.2: Photosynthesis and gas exchange measurements for ‘Alice’ oakleaf hydrangea grown in an controlled greenhouse environment in 3.8 
and 11.4 L containers in Kentucky and Tennessee respectively, to compare two different irrigation systems, daily water use (DWU) and On-
Demand (OD).  n=12. 
Year 
 Container size 
(L) 
 
Photosynthetic 
rates                   
(μmol CO2 
m-2·s-1) 
 
Transpiration 
(mmol H2O m
-2·s-1) 
 
Stomatal 
conductance         
(mol H20 m
-2·s-1) 
 
Leaf petiole 
water potential 
(MPa) 
 
Vapor pressure 
deficit  
(kPa) 
  
           2012 
 
11.4 
          
  
Daily Water Use 15.5z 
 
5.58 
 
0.335 
 
-0.162 
 
1.89 
    On-Demand 14.7   5.3   0.316   -0.181   1.93 
  
P value 
 
0.2274 
 
0.6281 
 
0.7519 
 
0.3992 
 
0.822 
  
           2012-13 
 
11.4 
          
  
Daily Water Use 5.3 
 
2.01 
 
0.066 
 
-0.353 
 
3 
    On-Demand   5.1   1.88   0.065   -0.339   2.89 
  
P value 
 
0.7626 
 
0.7424 
 
0.921 
 
0.6874 
 
0.54 
  
           2011-12 
 
3.8 
          
  
Daily Water Use 8.2b 
 
2.32 
 
0.107b 
 
-0.4 
 
2.64 
    On-Demand 10.7a   2.96   0.142a   -0.45   2.72 
  
P value 
 
<0.0001 
 
0.0598 
 
0.0184 
 
0.4732 
 
0.576 
 
zMeans followed by the same letter were not significantly different (Tukey’s HSD α=0.05).  
Tennessee trials were conducted 19 Apr.-4 June 2012 and 21 Dec.-9 Jan. 2012-13; the Kentucky trial was conducted 8 Nov.-2 Jan. 2011-12. 
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Table 4.3: Biomass, quality, container soluble salts, and pH data for ‘Alice’ oakleaf hydrangea grown in an outdoor nursery in 3.8 and 11.4 L 
containers in Kentucky and Tennessee, respectively to compare two different irrigation systems, daily water use (DWU) and On-Demand (OD).  
n=12. 
Year 
 Container size 
(L) 
 
Shoot dry 
weight  
(g) 
 
Root dry 
weight 
(g) 
 
Total dry 
weight 
(g) 
 
Growth index               
(cm) 
 
Electrical 
conductivity 
(μS/cm) 
 
pH 
  
             2011 
 
11.4 
            
  
Daily Water Use 137az 
 
25 
 
161a 
 
70.9a 
 
451 
 
6.5 
    On-Demand 100b   21   121b   60.6b   458   6.5 
  
P value 
 
0.0245 
 
0.3271 
 
0.0393  0.0149  0.9098 
 
0.873 
  
             2012 
 
11.4 
            
  
Daily Water Use 48.7 
 
10.0 
 
58.7 
 
50.2 
 
658 
 
6.9 
    On-Demand   22.8   5.9   28.7   41.1   785   7.0 
  
P value 
 
0.3998 
 
0.8022 
 
0.1845 
 
0.2176 
 
0.1087 
 
0.6342 
  
             2011 
 
3.8 
            
  
Daily Water Use --- 
 
--- 
 
22.9b 
 
36.6 
 
656 
 
6.8 
    On-Demand  ---   ---    24.0a   35.9   754   6.8 
  
P value 
     
0.047 
 
0.308 
 
0.1972 
 
0.6681 
 
zMeans followed by the same letter were not significantly different (Tukey’s HSD α=0.05).  
Tennessee trials were conducted 18 Aug.-3 Oct. 2011 and 27 June-16 Oct. 2012; the Kentucky trial was conducted 6 Sept.-7 Oct. 2011. 
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Table 4.4: Biomass, quality, container soluble salts, and pH data for ‘Alice’ oakleaf hydrangea grown in an controlled greenhouse environment in 
3.8 and 11.4 L containers in Kentucky and Tennessee respectively, to compare two different irrigation systems, daily water use (DWU) and On-
Demand (OD). n=12. 
Year 
 Container size 
(L) 
 
Shoot dry 
weight 
(g) 
 
Root dry 
weight 
(g) 
 
Total dry 
weight 
(g) 
 
Growth index  
(cm) 
 
Electrical 
conductivity 
(μS/cm) 
 
pH 
  
             2012 
 
11.4 
            
  
Daily Water Use 
 
72.3z 
 
13.6 
 
85.9 
 
81.5 
 
613 
 
6.2a 
    On-Demand 79.5   16.4   95.9   78.3   671   5.9b 
  
P value 
 
0.5101 
 
0.1669 
 
0.405 
 
0.0889 
 
0.7703 
 
0.0312 
  
             2012-13 
 
11.4 
            
  
Daily Water Use 
 
45.1 
 
7.2 
 
52.3 
 
73.2 
 
449 
 
7.4 
    On-Demand   43   7.9   50.9   72.9   508   7.4 
  
P value 
 
0.6976 
 
0.6931 
 
0.8476 
 
0.928 
 
0.689 
 
0.4175 
  
             2011-12 
 
3.8 
            
  
Daily Water Use 
 
--- 
 
--- 
 
29.8b 
 
52.1b 
 
653 
 
6.8 
    On-Demand         35.3a   62.8a   689   6.8 
  
P value 
 
 
 
 
 
0.0414 
 
0.0021 
 
0.6356 
 
0.8895 
  
zMeans followed by the same letter were not significantly different (Tukey’s HSD α=0.05).  
Tennessee trials were conducted 19 Apr.-4 June 2012 and 21 Dec.-9 Jan. 2012-13; the Kentucky trial was conducted 8 Nov.-2 Jan. 2011-12. 
  
87 
 
Table 4.5: Water use, water use efficiency, and leachate data for ‘Alice’ oakleaf hydrangea grown in an outdoor nursery in 3.8 and 11.4 L 
containers in Kentucky and Tennessee, respectively to compare two different irrigation systems, daily water use (DWU) and On-Demand (OD).  
n=12. 
Year 
 Container size 
(L) 
 
Total water use 
per container (L) 
 
Water use 
efficiency (g/L) 
 
Total leachate 
(L) 
 
Leachate per 
irrigation event 
(mL) 
  
         2011 
 
11.4 
        
  
Daily Water Use 
 
43.9az 
 
3.8b 
 
7.5 
 
551 
    On-Demand 20.5b   5.9a   12.2   488 
  
P value 
 
0.0004 
 
0.0044 
 
0.2305 
 
0.695 
  
         2012 
 
11.4 
        
  
Daily Water Use 
 
37.6a 
 
1.5 
 
9.4 
 
136 
    On-Demand   5.0b   4.2   1.6   321 
  
P value 
 
0.0209 
 
0.1465 
 
0.0765 
 
0.187 
  
         2011 
 
3.8 
        
  
Daily Water Use 
 
8.1a 
 
3.7b 
 
--- 
 
290b 
    On-Demand 4.7b   7.4a   ---   346a 
  
P value 
 
0.0001 
 
0.0001 
 
  
<.0001 
  
zMeans followed by the same letter were not significantly different (Tukey’s HSD α=0.05). 
Tennessee trials were conducted 18 Aug.-3 Oct. 2011 and 27 June-16 Oct. 2012; the Kentucky trial was conducted 6 Sept.-7 Oct. 2011. 
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Table 4.6: Water use, water use efficiency, and leachate data for ‘Alice’ oakleaf hydrangea grown in an controlled greenhouse environment in 
3.8 and 11.4 L containers in Kentucky and Tennessee, respectively to compare two different irrigation systems, daily water use (DWU) and On-
Demand (OD).  n=12. 
Year 
 
Container size 
(L) 
 
Total water use per 
container (L) 
 
Water use 
efficiency (g/L) 
 
Total leachate 
(L) 
 
Leachate per 
irrigation event (mL) 
  
         2012 
 
11.4 
        
  
Daily Water Use 
 
26.5z 
 
3.4 
 
5.3 
 
113 
    On-Demand 24.8   4   0.8   65 
  
P value 
 
0.7774 
 
0.4557 
 
0.1791 
 
0.4613 
  
         2012-13 
 
11.4 
        
  
Daily Water Use 
 
14.5b 
 
3.8a 
 
4.2 
 
239 
    On-Demand   25.3a   2.1b   2.5   318 
  
P value 
 
0.0491 
 
0.0356 
 
0.089 
 
0.5859 
  
         2011-12 
 
3.8 
        
  
Daily Water Use 
 
17.2 
 
1.7b 
 
--- 
 
263 
    On-Demand 12.7   2.8a   ---   273 
  
P value 
 
---x 
 
0.0002 
   
0.4059 
  
zMeans followed by the same letter were not significantly different (Tukey’s HSD α=0.05).  
xANOVA was not run because there was only one solenoid valve for the OD and DWU treatments. 
Tennessee trials were conducted 19 Apr.-4 June 2012 and 21 Dec.-9 Jan. 2012-13; the Kentucky trial was conducted 8 Nov.-2 Jan. 2011-12.
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Figure 4.1: The relationship between photosynthetic rate and volumetric water content of ‘Alice’ oakleaf 
hydrangea plants.  The irrigation threshold chosen at 90% maximum predicted photosynthetic rate is 
shown by the grey vertical line. n=5. 
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Figure 4.2: Examples of typical volumetric water content measurements from two irrigation schedules: 
On-Demand (OD) and Daily Water Use (DWU).  Time elapsed between two DWU peaks is 24 h.  Peaks 
are indicative of irrigation events.  Horizontal lines indicate upper and lower irrigation set points. 
Time
9/2/12  9/3/12  9/4/12  9/5/12  9/6/12  9/7/12  9/8/12  9/9/12  9/10/12  9/11/12  9/12/12  9/13/12  
Vo
lu
m
e
tri
c 
w
a
te
r 
co
nt
e
nt
 
(m
3 •
m
-
3 )
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
DWU 
OD 
91 
 
 
Appendices 
 
  
92 
 
 
Appendix I 
Sensor Calibration 
EC-5 sensors were wired to the datalogger in a lab setting.  Substrate used in the study was air dried 
until most moisture was gone and large particles removed.  250 g of substrate was weighed out and 
placed in six plastic bags.  Water was added to the substrate in amounts of 50, 100, 150, 200, and 250 
mL and mixed.  No water was added to one container.  Each bag was packed into a plastic container at 
approximately the bulk density of a nursery container, covered, and weighed.  The level of substrate was 
marked for volume calculation.  Each sensor was one-by-one inserted into each batch of substrate until 
sensor overmold/wire junction was completely covered and allowed to adjust.  When readings were 
stable, the mV/mV output was recorded.  Substrates were dried in an oven at 45°C until their weight 
remained unchanged in 24 h to obtain dry mass.  Volumetric water content was determined by 
gravimetrically calculating the amount of water in each substrate sample and dividing by the volume.  A 
regression line was created for each sensor that plotted the calculated gravimetric water content with 
the mV/mV output.  The coefficients of the inverse lines of the regression lines were the calibration 
figures entered for the data collection and irrigation programs. 
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Appendix II 
Photosynthetic response characteristics of Acer rubrum L. ‘Franksred’ Red Sunset™ 
Introduction  
World population growth has increased demand and competition for natural resources as 
resource availability decreases (Turral et al., 2011).  Over 40% of the world’s food is produced on 
irrigation-dependent land making water one of the most crucial resources to conserve (Turral et al., 
2011).   Extreme weather conditions, practices such as unsustainable levels of groundwater extraction, 
and competition among industry, municipalities, and agriculture have resulted in irrigation restrictions.  
Major nursery crop production states such as Florida, California, Texas, and Oregon now face irrigation 
restrictions (Ackerman and Stanton, 2011; Beeson, et al. 2004; Beeson and Brooks, 2008; Houston et al., 
2003; Marella and Burndt, 2005; State of Oregon, 2013).  These restrictions hit container nurseries 
especially hard because of their high water use per acre.  Assuming a nursery will irrigate with a 
standard amount of 2.5 cm per day, 27,000 gallons of water will be used per acre per day (LeBude and 
Bilderback, 2007). 
Container nurseries are often extremely inefficient with 60% to 90% of applied irrigation being 
lost due to lack of application uniformity, excess volume applied, deflection of the canopy, and 
container spacing (Beeson and Yeager, 2003; Fare et al., 1992).  Increasing irrigation application 
efficiency, i.e. increasing the proportion of water that is intercepted and retained by containers, can 
drastically reduce water consumption by nurseries.  A number of strategies have been proposed to 
increase application efficiency in nursery irrigation, such as increasing distribution uniformity by 
optimizing container spacing to increase interception (Beeson and Knox, 1991).  Irrigation timing also 
has an impact on irrigation efficiency, and watering crops at night or early morning reduces the amount 
of evaporative loss from overhead irrigation systems, (Mathers et al., 2005) although this may not be 
the best time for crop growth (Warren and Bilderback, 2005).  Cyclic irrigation, or dividing a daily 
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irrigation event into multiple shorter irrigation events, also has shown to reduce water use (Beeson and 
Haydu, 1995).  Other strategies that have been proven to increase efficiency include grouping plants 
according to water use, using a more appropriate irrigation system design, and cleaning and replacing 
nozzles (Grant, 2009; Warsaw et al., 2009; Zinati, 2005).  However, most of these commonly used 
strategies are passive attempts to address gross application inefficiencies and do not account for 
continually changing plant and environment-specific need for water. 
To more fully maximize water conservation, an irrigation system would be dynamic and thus 
calibrate irrigation application volume and timing to plant and environmental demand, applying only the 
exact amount of water needed each day and only when needed.  A number of methods were developed 
to determine the optimum irrigation volume to apply on a daily basis.  Researchers have successfully 
developed crop coefficients for use in crop models such as Penman-Monteith (Penman, 1948) and 
Priestly-Taylor (Priestly and Taylor, 1972) that calculate the amount of water a plant loses in a day based 
on environmental factors, the plant’s size and age, and the specific climate and season of the site.  
However, these measurements are crop specific and must be calculated throughout the season to 
account for age differences, and assume a closed canopy making them difficult for nursery application.  
Beeson (2012) simplified the calculation by using canopy closure data to allow for one equation to 
calculate water use, regardless of season or plant size.  However, separate crop coefficients must still be 
developed for each species and canopy closure measurements taken every few weeks to adjust the 
calculations. 
Other research uses physiological data to determine irrigation rates and timing (Doltra et al., 
2007; Fernández et al., 2008a; and Green et al., 2006).  Basing irrigation on physiological data is ideal 
because it measures the direct response of plants to water stress indicating exactly when the stress 
occurs.  A system based on physiological data would initiate irrigation only when the crop needed water, 
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eliminating superfluous irrigation.  However, it is often difficult to measure physiological responses and 
they are triggered only after a plant has experienced some level of stress.  To optimize production 
schedules, irrigation needs to be triggered before the plant is stressed enough to reduce growth.  One 
indication of water stress is when a plant shuts down photosynthesis (Griffin et al., 2004).  By developing 
an irrigation system based on the relationship between photosynthetic rate and volumetric water 
content over a range of substrate moisture contents, Fulcher et al. (2012) found that photosynthetic 
rates in Hibiscus rosa-sinensis L. ‘Cashmere Wind’ follow a sigmoidal relationship; they remain relatively 
constant above 0.25 m3·m-3 but drop precipitously if dried below that point.  Fulcher and Geneve (2011) 
showed two Cornus species also exhibited a similar sigmoidal relationship between photosynthetic rate 
and substrate moisture.  If the relationship between photosynthesis and VWC is not species specific and 
photosynthesis decreases substantially at the same VWC, then an automated irrigation system could 
potentially be used for multiple species without the need for individual species calibrations, which 
would enhance the ability of the industry to utilize this as a basis for irrigation. 
Therefore, the objectives of this research were to 1) characterize the photosynthetic response 
of several woody species to light, 2) develop a model characterizing the relationship between 
photosynthesis and VWC, 3) determine if the previously described sigmoidal relationship adequately 
characterizes that relationship for other common woody ornamental plants, and 4) determine if the 
VWC at which photosynthesis precipitously drops is the same for all species in this study such that one 
value can be used as a conservative set point for any species on an automated irrigation system. 
Materials and Methods 
Bare root liners of Acer rubrum L. ‘Franksred’ Red Sunset™ (red maple) were obtained from 
Bottoms Brothers Nursery (McMinnville, TN) and potted into 3.8 L containers (C400, Nursery Supplies 
Inc., Fairless Hill, PA) with an 85:15 pine bark to peat moss substrate (Renewed Earth Inc., Kalamazoo, 
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MI) on 25 Feb. 2012. Aquagro® L (Aquatrols, Paulsboro, NJ) was applied once to the substrate at 600 
mg/L to ensure even wetting because the substrate began to display hydrophobic tendencies and had 
difficulty rewetting in preliminary research.  One week after transplanting,  plants were top-dressed with 
19-1.75-11.6, 5-6 month  controlled release fertilizer with micronutrients (Polyon®, Harrell’s Inc., 
Lakeland, FL) at 12 g per container (medium label rate) and fertigated twice weekly with 300 mg/L 20-
8.7-16.6 (Peters Professional® General Purpose 20-20-20, Scotts Sierra Horticultural Products Co., 
Marysville, OH).  
EC-5 soil moisture capacitance sensors (Decagon Devices Inc., Pullman, WA) were connected to 
a multiplexer (AM 16/32, Campbell Scientific, Logan, UT) wired to a datalogger (CR1000, Campbell 
Scientific) and programmed to read and convert mV output from the EC-5 sensors to VWC based on a 
substrate-specific calibration for each sensor.  Capacitance sensors were installed half way between the 
base of the plant and the container sidewall, one per container.  Sensors were oriented vertically with 
the broad face to plant stem and inserted into the substrate so that the sensor overmold/wire junction 
was 2.5 cm below the surface of the substrate.    Sensor readings were automatically measured every 15 
sec and 15 min averages recorded. 
Between 14 June and 17 Aug. 2012, light response curves were measured between 10 AM to 2 
PM using an infrared gas analyzer (Li-6400, LI-COR® Biosciences, Inc., Lincoln, NE).  Light curves were 
measured on the second fully expanded, recently matured leaf of each plant at 390 ppm CO2.  High and 
low light curves were conducted on separate days.  For the high light curve, photosynthetic rates were 
measured at decreasing irradiance levels of 2000, 1800, 1600, 1400, 1200, 1000, 800, 600, 400 µmol ·m-
2·s-1.  Low light curves were measured at irradiance levels of 400, 300, 250, 200, 150, 100, 50, 25, 10, and 
0 µmol ·m-2·s-1.  Data was collected on 21, 22, 25, and 26 of June, and 15 and 18 of Aug.  Data for each 
plant was graphed using SigmaPlot™ (SPSS, Chicago, IL).  Values from the high light curves were used to 
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calculate the maximum predicted photosynthetic rate.  A regression line was fit to the linear portion of 
the low light curves, the 50, 25, and 10 µmol ·m-2·s-1 values, and was used to calculate apparent 
quantum efficiency.  Dark respiration rate was predicted from the regression line at the intersection 
with 0 µmol ·m-2·s-1.  Light compensation point was determined from the intersection of the regression 
line and the x-axis, when net photosynthetic rate was 0 µmol ·m-2·s-1.  
There were five replicate for both high and low light curves.  The results were analyzed using 
PROC MIXED procedure in SAS® version 9.3 (SAS Institute Inc., Cary, NC (P <0.05).  Means were 
separated using Tukey’s t-test.   
Results  
The maximum predicted photosynthetic rate of red maple was 16.5 µmol CO2 m
-2·s-1.  The light 
compensation point was 20.1 µmol CO2 m
-2·s-1 and quantum light efficiency was 0.071.  The dark 
respiration rate of Red Sunset was -1.498 µmol CO2 m
-2s-1.   
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Table A.1: Photosynthetic light response curve derived values measured on the second fully expanded, mature leaf of Acer rubrum L. ‘Franksred’ 
Red Sunset™.  
 
 
Species 
 
Maximum 
predicted 
photosynthesis 
 (µmol CO2 m
-2·s-1) 
 
Predicted light 
compensation 
point (μmol·m-2·s-1)  
Quantum light 
efficiency 
 (Qapp)  
Predicted dark 
respiration (µmol CO2 
m-2·s-1) 
    
     
Acer rubrum 
‘Franksred’ 
 
16.5±1.3 
 
20.1±2.6  0.071±0.005  -1.50±0.15 
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Appendix III 
Model Development of Oakleaf Hydrangea 
Rooted cuttings of Hydrangea quercifolia Bartr. ‘Alice’ were obtained from Spring Meadows 
Nursery (Grand Haven, MI) and transplanted on 17 Mar. 2011 into 3.8 L containers (C400, Nursery 
Supplies Inc., Fairless Hill, PA) with an 85:15 pine bark to peat moss substrate (Renewed Earth Inc., 
Kalamazoo, MI).  One week after transplanting,  plants were top-dressed with 19-1.75-11.6, 5-6 month  
controlled release fertilizer with micronutrients (Polyon®, Harrell’s Inc., Lakeland, FL) at 12 g per 
container (medium label rate) and fertigated twice weekly with 300 mg/L 20-8.7-16.6 (Peters 
Professional® General Purpose 20-20-20, Scotts Sierra Horticultural Products Co., Marysville, OH). EC-5 
soil moisture capacitance sensors (Decagon Devices Inc., Pullman, WA) were installed half way between 
the base of the plant and the container sidewall, one per container.  Sensors were oriented vertically 
with the broad face to plant stem and inserted into the substrate so that the sensor overmold/wire 
junction was 2.5 cm below the surface of the substrate.  Plants were grown in a controlled greenhouse 
environment in Knoxville, TN at the University of Tennessee North Greenhouse (35.946°N, -83.939°W). 
Root proliferation was periodically monitored in a cohort of plants that were not included in the 
experiment to determine root establishment.  Plants were hand watered until roots reached the 
container sidewall.  Upon initiating experiments, the substrate was hand watered and containers placed 
in 2.5 cm of standing water for 30 min to ensure complete saturation of the substrate.  Containers were 
then left to drain to container capacity, which took 2 h, and then water was withheld.  Initial gravimetric 
measurements and soil moisture readings were recorded as the container capacity.  Weight, soil 
moisture and photosynthetic rate were measured twice daily between 10 AM and 2 PM.  Gas exchange 
measurements were measured on the second fully expanded, recently matured leaf with an infrared gas 
analyzer (Li-6400, LI-COR® Biosciences, Inc., Lincoln, NE) and capacitance sensor soil moisture readings 
recorded using a handheld sensor reading device (ProCheck, Decagon Devices Inc., Pullman, WA).  
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Models were developed from measurements taken as the plants dried down until the plants were 
wilting.  All data fit curve options on SigmaPlot™ (SPSS, Chicago, IL) were evaluated for each individual 
plant.  Once the best fit curve was determined as a 3-parameter sigmoidal curve, VWC values were 
determined for 90% of maximum predicted photosynthetic rate based on the hypothesis that allowing 
drying to this point would conserve the most water without impacting plant growth.  The average VWC 
of the five replicate plants at 90% photosynthetic rate was used as the lower set point to trigger 
irrigation for OD treatments. 
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